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AN  INVESTIGATION  OF  THE  FIRE  ENVIRONMENT  IN  THE  ASTM  E  84  TUNNEL  TEST 

William  J.  Parker 

Measurements  were  made  of  heat  flux,  oxygen  concentration,  temperature, 
velocity  and  pressure  in  a  series  of  instrumented  ASTM  E  84  tunnel  tests 
using  (1)  standard  length  specimens,  (2)  0.91-m  (3-ft)  long  specimens,  and 
(3)  a  reference  specimen  consisting  of  asbestos-cement  board  and  an  auxiliary 
controlled  supply  of  methane.   Five  different  flow  rates  of  methane  to  the 
auxiliary  burner  provided  constant  and  known  heat  inputs  simulating  the  gase- 
ous decomposition  products  from  regular  test  specimens.   Incident  heat  fluxes 

2  2 

on  an  inert  specimen  surface  as  high  as  6.3  W/cm   (5.5  Btu/ft  *s)  were  meas- 
ured within  the  flame  impingement  zone  with  a  water-cooled  heat  flux  meter 
0.61  m  (2  ft)  downstream  from  the  burner.   While  oxygen  depletion  in  the 
tunnel  did  not  appear  to  be  a  dominating  factor  in  controlling  the  flame 
spread,  the  oxygen  depletion  measured  in  the  exhaust  duct  beyond  the  tunnel 
correlated  with  the  total  rate  of  heat  production  of  the  specimens.   It 
appears  that  the  differences  in  the  observed  burning  behavior  of  materials 
in  the  tunnel  test  and  in  a  room  may  be  mainly  due  to  differences  in  the 
incident  heat  flux  distribution  in  the  two  cases.   These  distributions 
reflect  the  different  geometries,  orientations,  and  ignition  sources.   The 
potential  for  rapid  flame  spread  of  some  low  flame  spread  classification 
(FSC)  low  density  materials  is  evident  from  observations  of  the  flame  propa- 
gation along  these  materials  during  the  tunnel  test,  but  is  not  adequately 
reflected  in  the  flame  spread  classification. 

Key  words:   ASTM  E  84;  fire  tests;  flame  spread;  heat  flux;  heat  release  rate; 
smoke;  Steiner  Tunnel  Test;  oxygen  depletion. 


1 .   INTRODUCTION 

1.1.   General 

Prior  to  1950  fire  protection  of  buildings  dealt  primarily  with  (1)  the  prevention 
of  fire,  (2)  early  detection  and  warning,  (3)  confinement  with  fire  resistant  structural 
components  (e.g.  walls,  partitions,  floors,  ceilings,  doors,  etc.),  and  (4)  extinguish- 
ment.  Major  fires  which  spread  rapidly  along  interior  surfaces  causing  large  property 
losses  and  high  death  tolls  due  to  the  effects  of  smoke  and  toxic  gases  alerted  the 
fire  protection  community  to  the  need  for  a  test  which  could  be  used  to  regulate 
interior  finish  materials  with  respect  to  their  burning  characteristics  (e.g.  flame 
spread,  heat  release,  and  smoke  production). 

The  tunnel  test  was  originally  developed  at  Underwriters'  Laboratories  (UL)  by 
A.  J.  Steiner  for  determining  the  fire  hazard  classification  of  building  materials  [1]  . 


Numbers  in  brackets  refer  to  the  literature  references  listed  at  the  end  of  this 
paper. 


The  three  classifications  determined  in  the  Steiner  tunnel  are  flame  spread,  fuel 
contribution,  and  smoke  production.   The  first  formal  test  standard  (UL  723)  was 
published  by  UL  in  1950  with  revised  editions  in  1958,  1960,  and  1971.   The  test  was 
adopted  by  the  American  Society  for  Testing  and  Materials  (ASTM)  as  a  tentative  stand- 
ard (E  84)  in  1950  and  formally  adopted  in  1961  with  revised  editions  in  1960,  1970, 
and  1972.   It  was  adopted  as  a  standard  of  the  National  Fire  Protection  Association 
(NFPA  No.  255)  in  1955  with  revised  editions  in  1958,  1961,  1966,  1969,  and  1972.   It 
was  approved  as  an  American  National  Standard  (A  2.5)  by  the  American  National  Stand- 
ards Institute  (ANSI)  in  1963  with  a  revised  edition  in  1970.   The  tunnel  test  has 
been  adopted  by  all  four  of  the  model  building  codes  and  is  used  by  regional  and  local 
code  authorities. 

Prior  to  1960  the  tunnel  test  was  used  primarily  for  the  evaluation  of  the  surface 
burning  characteristics  of  interior  finish  materials  for  walls  and  ceilings.   In  the 
late  1960's  an  appendix  entitled,  "Guide  to  Mounting  Methods"  was  added  to  the  Standard 
to  permit  the  testing  of  materials  which  were  not  self-supporting.   These  materials 
include  acoustical  panels,  adhesives,  cementitious  mixtures,  sprayed  fiber,  batt  or 
blanket  insulation,  loose  fill  insulation,  coatings,  piping,  floor  coverings,  etc. 

The  tunnel  test  has  thus  been  used  to  examine  a  large  range  of  materials  with  a 
specimen  area  of  sufficient  size  to  include  joints  and  other  construction  details  and 
to  be  affected  by  delaminations  and  deformations  which  might  be  expected  to  occur  in 
an  actual  fire.   The  7.3-m  (24-ft)  long  specimen  which  forms  the  ceiling  surface  of 
the  tunnel  has  an  exposed  width  of  0.46  m  (1.5  ft)  and  is  exposed  to  a  1.4-m  (4.5-ft) 
long  igniting  flame  with  a  total  heat  release  rate  of  88  kJ/s  (5000  Btu/min)  based  on 
the  gross  heat  of  combustion  of  methane.   The  tunnel  is  lined  on  the  floor  and  walls 
with  fire  brick.   The  igniting  flame,  which  covers  approximately  0.65  m2  (7  ft2)  of 
the  specimen  surface,  is  of  an  area  that  might  typically  be  encountered  by  a  wall 
exposed  to  a  fire  in  a  large  waste  container  or  a  small  upholstered  chair.   Air  at  a 
velocity  preset  prior  to  test  at  1.2  m/s  (240  ft/min)  is  drawn  through  the  tunnel  by 
means  of  a  fan  at  the  exhaust  end. 


1.2.   Hazard  Classification  and  Reproducibility 

The  flame  spread  classification  described  and  used  in  this  report  is  based  on 
ASTM  E  84-70  which  was  in  effect  at  the  time  of  this  research.   The  three  classifica- 
tions derived  in  the  tunnel  test  are  each  expressed  on  a  scale  which  rates  red  oak 
flooring  as  100  and  asbestos-cement  board,  which  is  noncombustible ,  as  zero.   1)  The 
flame  spread  classification  (FSC)  is  based  on  the  time  required  for  the  flame  to 
progress  beyond  the  end  of  the  tunnel  or  on  the  maximum  distance  reached  during  the 
10-minute  exposure  period  if  the  flame  fails  to  reach  the  end.   2)  The  fuel  contribu- 
tion (FC)  is  based  on  the  area  under  the  temperature  versus  time  curve  over  the  10- 
minute  exposure  period  for  the  thermocouple  located  in  the  hot  combustion  product 
laden  air  0.31  m  (1  ft)  upstream  from  the  vent  end  of  the  tunnel  and  2.5  cm  (1  in) 
below  the  surface  of  the  specimen.   3)  The  smoke  development  classification  (SDC)  is 


based  on  the  area  under  the  light  absorption  versus  time  curve  over  the  10-minute 
exposure  period  measured  by  the  smoke  meter  located  in  the  duct  some  distance  beyond 
the  end  of  the  tunnel. 

Concern  over  the  reproducibility  of  the  test  led  Endicott  and  Bowhay  [2]  to 
perform  a  statistical  evaluation  of  the  effect  of  relative  humidity,  draft  velocity, 
brick  temperature,  section  length,  specimen  thickness,  and  preheat  time  on  the  three 
hazard  classifications.   The  two  materials  used  in  this  evaluation  were  Douglas  fir 
plywood  and  particle  board.   The  FSC  was  found  to  depend  strongly  on  moisture  content, 
brick  temperature,  preheat  time,  and  specimen  thickness,  but  had  no  significant  depend- 
ence on  draft  velocity.   On  the  other  hand  the  smoke  classification  was  highly  depend- 
ent on  velocity.   However,  the  velocity  was  only  varied  between  1.17  and  1.27  m/s 
(230  and  250  ft/min) . 

While  the  above  evaluation  was  performed  by  varying  the  test  conditions  on  a 
single  tunnel,  Lee  and  Huggett  [3]  performed  an  interlaboratory  evaluation  involving 
nine  materials  and  eleven  tunnels  each  utilizing  its  normal  operating  conditions.   For 
a  series  of  eight  specimens,  the  maximum  coefficient  of  variation  between  laboratories 
was  43%  for  flame  spread,  85%  for  smoke,  and  117%  for  fuel  contribution.   These  varia- 
tions were  due  to  differences  in  tunnel  construction  and  in  the  operating  procedure 
and  illustrated  a  need  to  tighten  up  the  standard  to  minimize  these  differences. 

Changes  in  the  standard  are  considered  by  the  tunnel  operators  through  the  ASTM 
subcommittee  E05.04.   A  new  procedure  for  determining  the  FSC  has  been  included  in 
ASTM  E  84-76a. 


1.3.   Comparison  with  Corner  and  Room  Fire  Tests 

The  evaluations  described  above  dealt  with  the  reproducibility  of  the  fire  hazard 
classifications  measured  by  the  tunnel  test.   They  did  not  address  the  question  as  to 
the  applicability  of  the  classification  to  the  growth  of  fires  in  rooms.   Materials 
with  FSC  <^  25  have  generally  been  regarded  by  the  building  codes  as  providing  a  high 
degree  of  fire  safety.   Serious  fires  involving  cellular  plastics  of  undetermined  FSC 
and  demonstrations  of  rapid  and  extensive  fire  buildup  in  corners  involving  some  low 
FSC  cellular  plastics  at  the  University  of  California  at  Berkeley  [4]  and  at  Factory 
Mutual  [5]  have  raised  concern  as  to  the  applicability  of  the  test  for  these  materials. 

The  question  of  the  applicability  of  the  FSC  of  an  interior  finish  material  to 
its  potential  hazard  in  a  full-scale  fire  was  investigated  by  UL  [6]  in  a  series  of 
vertical  panel,  open  corner,  corridor  and  room  fire  tests  involving  31  different 
building  materials  whose  FSC  was  measured  in  the  tunnel  and  five  different  size  ignition 
sources.   Most  of  the  experiments  were  performed  with  9.1-kg  (20-lb)  wood  cribs  in  the 
open  corner  configuration.   Under  these  conditions  the  extent  of  the  fire  buildup  in 
the  open  corner  tests  was  roughly  correlated  with  the  FSC  for  the  whole  range  of 
materials,  but  the  rapidity  of  the  fire  buildup  depended  more  on  the  density  of  the 
material  than  on  its  FSC.   The  results  of  the  limited  number  of  room  fire  tests  indi- 
cated that  a  9.1-kg  (20-lb)  wood  crib,  which  is  roughly  equivalent  in  burning  rate  to 
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a  small  upholstered  chair  or  a  large  waste  container  was  a  sufficiently  large  ignition 
source  to  cause  full  involvement  of  a  2. 4x3. 7x2. 4m  (8x12x8  ft)  room  lined 
with  a  FSC  <_  25  material.   When  the  material  was  a  low  density  foam  plastic,  this 
buildup  time  was  of  the  order  of  a  minute  and  a  half.   It  thus  appears  that  an  FSC  <_  25 
is  no  assurance  that  a  surface  finish  material  is  safe  to  use  in  a  critical  location. 
These  low  density  materials  are  particularly  serious  because  of  their  short  buildup 
time  to  full  room  involvement.   In  the  UL  tests  [6]  a  FSC  22  low  density,  37  kg/m3 
(2.3  lb/ft3),  cellular  plastic  caused  full  involvement  of  a  room  in  one-third  of  the 
time  required  for  a  FSC  178  medium  density,  527  kg/m3  (31  lb/ft3) ,  cellulosic.   Full 
involvement  occurred  in  one  minute  and  20  seconds  for  the  low  density  material  and 
four  minutes  and  20  seconds  for  the  medium  density  material.   Since  a  FSC  22  material 
has  a  maximum  flame  spread  distance  of  only  2.7m  (9  ft)  in  the  tunnel  it  is  natural 
to  inquire  about  differences  in  burning  behavior  between  the  tunnel  and  the  room.   It 
is  also  desirable  to  see  if  there  are  differences  in  burning  behavior  between  cellulo- 
sics  and  plastics  in  the  tunnel.   Clearly  there  is  a  need  for  analytical  models  for 
flame  spread  in  the  tunnel  and  in  the  room  to  provide  guidance  in  the  utilization  of 
the  tunnel  data.   The  flame  spread  along  a  material  depends  on  its  environmental 
conditions  which  include  the  incident  heat  flux  and  the  temperature,  oxygen  concentra- 
tion, and  the  velocity  of  the  air  passing  over  its  surface.   There  have  been  no  extensive 
measurements  made  on  the  environment  in  the  tunnel. 


1.4.   Diagnostic  Measurements  in  the  Tunnel 

The  present  investigation  was  concerned  with  the  characterization  of  the  environ- 
ment in  the  tunnel  and  with  discovering  significant  elements  of  the  burning  behavior 
which  could  serve  as  a  basis  for  establishing  an  analytical  model  for  flame  spread  in 
the  tunnel. 

Recent  measurements  have  also  been  reported  by  Quintiere  and  Raines  [7]  on  the 
variation  in  the  air  velocity  at  the  entrance  to  the  tunnel  during  the  test  and  some 
internal  temperature  distributions  from  which  the  heat  losses  along  the  tunnel  could 
be  deduced.   These  measurements  were  carried  out  on  four  different  carpets  in  the 
Hardwood  Plywood  Manufacturer's  Association  tunnel  in  Arlington,  Virginia.   Maximum 
drops  in  the  inlet  air  velocity  during  the  tests  ranged  from  19  to  28  percent  for  the 
different  materials  tested.   Approximately  half  of  the  heat  produced  by  the  burner 
flame  was  absorbed  by  the  specimen  or  lost  within  the  tunnel. 

The  data  presented  in  this  report  came  from  seven  groups  of  instrumented  tunnel 
tests  spaced  approximately  a  month  apart.   Each  group  consisted  of  up  to  20  tests 
which  took  two  days  to  set  up  and  run.   The  tests  were  conducted  at  Underwriters' 
Laboratories  in  Northbrook,  Illinois  and  include  air  velocity,  temperature,  heat  flux, 
oxygen  concentration,  pressure  drop  and  specimen  weight  loss  as  well  as  the  customary 
flame  distance  and  smoke  measurements.   Although  a  large  range  of  interior  finish  and 
insulation  materials  were  included  in  this  program,  materials  which  would  cause  addi- 
tional problems  because  of  their  melting  and  dripping  during  the  test  were  excluded. 


The  nomenclature  appears  in  the  front  of  this  paper  (see  page  viii)  and  the  property 
data  used  in  the  calculations  are  listed  in  table  1.   This  research  project  was  under- 
taken during  1974  when  the  author  participated  in  an  NBS-UL  scientific  exchange  program. 
The  description  of  equipment  and  proceedures  in  this  report  were  current  at  the  time  of 
the  research. 


Table  1.   Property  Data  Used  in  the  Calculations 


Engineering 
Units 


S.I. 
Units 


Density 
Air  15 
40 


>C  (60  °F) 

>C  (105  °F) 


Heat  Capacity 

Air  15  °C  (60  °F) 
Air  (average  between 

15  °C  (60  °F)  and 

816  °C  (1500  °F) 

Thermal  Conductivity 
Asbestos  Millboard 
Asbestos-Cement  Board 

Heat  of  Combustion 

Methane  gross   15  °C  (60  °F) 
Methane  net  15  °C  (60  °F) 

Kinematic  Viscosity 
Air  15  °C  (60  °F) 

Heat  of  Vaporization 
Water 


0.0763  lbs/ft3 
0.0702  lbs/ft3 


0.24  Btu/lb  °F 
0.26  Btu/lb  °F 


2.17  x  10" 5  Btu/ft  °F 
5.8  x  10~   Btu/ft  °F 


1012  Btu/ft3 
912  Btu/ft3 


1.6  x  10-i+ft2/sec 


1072  Btu/lb 


1.22  kg/m3 
1.12  kg/m3 


1.0  kJ/kg  K 
1.09  kJ/kg  K 


0.135  W/m  K 
0.36  W/m  K 


39  J/cm3 
34  J/cm3 


15  mm  /s 
2.49  kJ/g 


2.   DESCRIPTION  OF  ASTM  E  84  TUNNEL  TEST  METHOD 

2.1.   Test  Apparatus 

The  Steiner  tunnel  was  developed  at  the  Underwriters'  Laboratories  and  is  described 
in  the  ASTM  book  of  fire  test  methods  [8]  and  in  the  Underwriters'  Laboratories  standard 
UL  723.   Nevertheless,  a  brief  description  of  the  instrument  and  its  operation  may  be 
of  value  here  in  order  to  stress  those  elements  which  are  most  important  to  the  present 
study.   Furthermore,  there  are  slight  ambiguities  in  the  write-up  of  the  standard  test, 
such  that  operational  procedures  can  vary  unless  agreed  upon  by  the  different  operators 
using  the  tunnel. 


Basically,  the  instrument  as  used  at  the  Underwriters'  Laboratories  in  Northbrook 
is  a  steel  duct-shaped  enclosure  8.7  m  (28.5  ft)  long  lined  with  fire  brick  on  the 
floor  and  walls  to  provide  a  cross  section  0.44  +  0.01  m  (17.5  +  1/2  in)  wide  and  0.3 
+  0.01  m  (12  +  1/2  in)  high.   The  front  wall  contains  a  series  of  viewing  windows. 
(Refer  to  figures  1  and  2  for  more  details.)   The  specimen  forms  the  ceiling  closure 


over  the  final  7.3  m  (24  ft).  The  specimen  is  preceded  by  a  0.3-m  (1-ft)  section  of 
6.4-mm  (1/4-in)  thick  asbestos-cement  board  (ACB).   The  other  1.1-m  (3.5-ft)  section 
is  permanently  closed  by  the  steel  shell.   The  25-ft  steel  lid,  which  is  lined  with 
51-mm  (2-in)  thick  calcium  silicate  insulation  over  6.4-mm  (1/4-in)  thick  ACB,  is 
closed  in  contact  with  the  top  of  the  specimen.   The  enclosure  is  rendered  air-tight 
with  a  water  seal.   Methane  gas  is  introduced  through  two  nominal  one-inch  pipe  burners 
spaced  0.2  m  (8  in)  apart  along  a  line  normal  to  the  airflow.   The  pipes  extend  0.11  m 
(4.5  in)  above  the  floor,  7.3  m  (24  ft)  from  the  end  of  the  tunnel.   These  burners 
provide  the  diffusion  flames  to  expose  the  first  1.4  m  (4.5  ft)  of  the  specimen.   All 
axial  distances  in  the  tunnel  which  are  quoted  in  this  report  are  measured  downstream 
from  these  burners. 

The  air  is  admitted  at  the  floor  level  of  the  tunnel  through  a  0.44-m  (17.5-in) 
long  slit  with  an  adjustable  height  located  1.4  m  (4.5  ft)  ahead  of  the  burner.   The 
other  end  of  the  tunnel  terminates  in  a  circular  exhaust  duct  0.41  m  (16  in)  in  diameter. 
Just  beyond  the  tunnel  the  duct  takes  an  upward  turn  and  then  a  horizontal  bend  in 
order  to  run  horizontal  at  right  angles  to  the  tunnel  and  1.2  m  (4  ft)  above  it.   The 
duct  terminates  in  a  0.6-m  (2-ft)  diameter  stack  with  a  fan  at  its  base  to  provide  the 
suction  necessary  to  pull  air  through  the  tunnel.   The  negative  pressure  at  a  tap 
located  in  the  duct  approximately  6.7  m  (22  ft)  from  the  end  of  the  tunnel  is  held 
constant  by  an  automatic  damper  located  downstream.   There  is  a  vertical  path  smoke 
meter  located  just  ahead  of  the  damper.   There  is  a  thermocouple  located  25  mm  (1  in) 
below  the  specimen  at  7.0  m  (23  ft)  from  the  burner  which  provides  the  data  for  the 
fuel  contribution  index.   There  is  a  buried  thermocouple  3.2  mm  (1/8-in)  below  the 
surface  of  the  floor  of  the  tunnel  at  4.3  m  (14  ft)  that  is  used  to  establish  the 
starting  temperature  for  each  test. 


2.2.   Operation 

Prior  to  test,  the  average  air  velocity  is  measured  with  a  thermal  anemometer  at 
seven  points  across  the  width  of  the  tunnel  along  the  midheight  7.0  m  (2  3  ft)  beyond 
the  burner.   The  velocity  can  be  varied  by  changing  the  negative  pressure  at  the 
pressure  tap  or  by  changing  the  height  of  the  entrance  slit.   However,  once  these 
settings  were  established  to  get  an  average  air  velocity  of  1.2  m/s  (240  ft/min)  with 
the  tunnel  preheated  to  41  °C  (105  °F) ,  they  have  been  fixed  at  a  negative  pressure 
drop  of  18  Pa  (0.072  in  of  water)  and  a  slit  height  of  83  mm  (3.25  in).   With  a  methane 
flow  to  the  burner  of  2.3  dm3/s  (4.9  cfm) ,  corresponding  to  8.8  x  lO4  J/s  (5000  Btu/min) 
(using  the  gross  heat  of  combustion) ,  red  oak  spreads  flame  past  the  end  of  the  tunnel 
in  approximately  5.5  minutes.   The  gas  flow  rate  to  the  burner  is  measured  by  the 
difference  in  gas  meter  readings  over  the  duration  of  the  test. 

Calibration  runs  are  conducted  approximately  once  a  month  to  check  the  air  velo- 
city and  the  time  at  which  flame  passes  over  the  end  of  the  tunnel  for  red  oak. 
Significant  departures  from  the  normal  lead  to  trouble  shooting  rather  than  to  the 
readjustment  of  the  pressure,  slit  height,  or  gas  flow  which  remain  as  fixed  para- 
meters of  this  tunnel.   Leaks  in  the  tunnel  are  sometimes  found  and  repaired  during 
this  calibration  process. 


The  time  of  flameover  of  the  oak  also  depends  on  the  degree  of  turbulence  developed 
in  the  tunnel.   Changes  in  tunnel  construction  through  the  years  such  as  using  flush 
rather  than  recessed  viewing  windows  have  caused  a  reduction  in  the  turbulence  which 
resulted  in  a  corresponding  reduction  in  flame  spread.   Five  bricks  have  been  placed  on 
the  floor  of  the  tunnel  at  strategic  locations  to  increase  the  degree  of  turbulence  to 
the  point  that  the  red  oak  flamed  over  once  again  at  5.5  minutes.   The  location  of 
these  bricks  are  now  fixed  at  1.4,  2.3,  3.5,  5.0,  and  5.9  m  (4.5,  7.5,  11.5,  16.5  and 
19.5  ft)  from  the  burner.   Their  positions  are  alternated  between  the  front  and  rear 
walls  and  they  protrude  into  the  tunnel  50  mm  (2  in)  horizontally  and  200  mm  (8  in) 
vertically. 

The  cold  tunnel  is  preheated  to  66  °C  (150  °F)  and  then  cooled  to  43  °C  (110  °F)  , 
as  indicated  by  the  buried  thermocouple  at  4.3  m  (14  ft),  before  a  specimen  is  inserted. 
The  burner  must  be  turned  on  and  the  test  started  while  this  temperature  lies  between 
38  °C  (100  °F)  and  43  °C  (110  °F) .   This  may  require  heating  or  cooling  between  tests. 
The  nominal  starting  temperature  is  taken  to  be  41  °C  (105  °F) .   The  windows  are  cleaned 
as  necessary  between  tests  and  high  temperature  burnouts  are  conducted  when  the  tunnel 
accumulates  deposits  such  as  those  from  dripping  specimens. 

The  tunnel  is  operated  by  a  technician  who  loads  the  specimen  and  electrically 
ignites  a  pilot  flame  which  in  turn  ignites  the  burner  gas  when  it  is  turned  on.   The 
gas  meter  reading  is  recorded  before  and  after  the  test.   A  timer  is  started  at  the 
instant  of  ignition  of  the  burner  gas.   The  technician,  records  the  time  of  ignition  of 
the  specimen  for  particular  tests  and  monitors  the  pressure  during  all  tests.   The 
actual  control  of  the  pressure,  and  thus  the  airflow,  through  the  tunnel  is  by  means  of 
the  automatic  damper  in  the  duct.   The  temperature  of  the  fuel  contribution  thermocouple 
and  the  light  transmission  through  the  smoke  are  recorded  on  a  strip  chart  recorder. 
The  technician  records  the  times  at  which  the  engineer  observes,  through  the  observation 
ports,  that  the  flame  has  reached  various  distances  in  the  tunnel.   The  distance  is 
reported  to  the  nearest  0.15  m  (0.5  ft). 

The  reading  of  the  flame  distance  is  done  by  trained  personnel.   This  requires 
some  judgment  since  much  of  the  time  the  end  of  the  flame  is  composed  of  brief  flashes 
and  detached  flamelets.   The  observation  can  also  be  complicated  by  obscuration  of  the 
viewing  ports  by  smoke  from  some  materials.   Although  there  is  no  written  definition  of 
what  constitutes  flame  length,  it  is  probably  best  defined  as  the  distance  at  which 
there  is  flame  present  approximately  one-half  of  the  time  over  a  time  interval  of 
several  seconds.   As  will  be  brought  out  later,  the  reported  flame  distance  appears  to 
coincide  with  an  abrupt  decrease  in  the  extent  of  the  damage  to  the  specimen. 


2.3.   Classification 

At  the  time  of  the  research  the  FSC  was  calculated  from  one  of  four  formulas 
depending  on  how  soon  the  flame  reaches  the  end  of  the  tunnel  or  where  the  flame  stops 
within  the  tunnel.   1)  If  the  flame  spreads  over  in  5.5  minutes  or  less,  the  FSC  =  550/t 
where  t  is  in  minutes.   This  gives  red  oak  which  is  the  reference  standard  a  FSC  100. 


2)  If  the  flame  spreads  over  within  the  10-minute  test  period,  but  takes  greater  than 
5.5  minutes,  the  FSC  =  50  +  275/t.   3)  If  the  flame  stops  between  5.5  m  (18  ft)  and  the 
end  of  the  tunnel,  the  FSC  =  50  +  4.62  d  where  d  is  the  maximum  distance  in  meters 
traveled  beyond  the  burner  flame  whose  designated  distance  is  1.4  m  {4.5  ft).   4)  If 
the  flame  stops  at  5.5  m  (18  ft)  (4.1  m  (13.5  ft)  past  the  burner  flame)  or  less,  the 
FSC  =  16.7  d. 

An  important  discontinuity  was  noted  in  this  calculation  procedure.   If  the  flame 
were  to  spread  to  a  point  just  short  of  the  end  of  the  tunnel  in  0.55  minutes,  the 
FSC  =77.5.   If  it  passes  over  in  the  same  time,  FSC  =  1000.   Both  situations  could 
occur  in  the  case  of  duplicate  runs  of  the  same  material.   A  new  calculational  method 
in  which  the  FSC  is  proportional  to  the  area  under  a  modified  flame  distance  versus 
time  curve  has  been  included  in  ASTM  E  84-76a  to  resolve  this  discontinuity. 


3.   INSTRUMENTATION 

3.1.   General 

During  the  course  of  this  project  seven  groups  of  instrumented  tunnel  tests  were 
performed  in  order  to  establish  the  environment  in  the  tunnel.   Although  the  operation 
of  the  tunnel  was  usually  the  same  as  it  would  have  been  during  a  normal  run,  the 
presence  of  the  monitoring  instrumentation  obviously  had  some  effect  on  the  environment 
it  was  attempting  to  measure.   This  instrumentation  included  pitot  tubes,  gas  sampling 
tubes,  and  water-cooled  heat  flux  meters  all  of  which  had  copper  tubing  running  along 
the  floor  of  the  tunnel  and  out  through  the  entrance  slit.   Thermocouple  support  rods 
and  their  lead  wires  could  also  have  affected  the  flow  pattern.   However,  the  inflow 
velocity  and  the  times  and  distances  of  flame  spread  in  the  tunnel  did  not  appear  to  be 
affected  significantly.   Nevertheless,  it  is  well  to  keep  in  mind  that  these  disturb- 
ances did  exist  to  some  degree.   There  was  a  drop  in  the  air  velocity  of  about  20%, 
however,  when  the  rather  massive  auxiliary  burner  was  added  for  the  experiments  des- 
cribed in  section  4.2. 


3.2.   Temperatures 

The  temperatures  in  the  tunnel  were  measured  with  0.25  mm  (10  mil)  (#30  gage) 
Chromel  Alumel  and  0.25  mm  (10  mil)  Iron-Constantan  thermocouples.   Air  temperature 
profiles  were  obtained  at  different  distances  with  trees  of  either  ten  or  twelve  thermo- 
couples spaced  vertically  and  held  in  place  on  ring  stands  with  high  temperature  cement. 
Wall  and  floor  temperatures  were  measured  with  similar  thermocouples  held  to  the  surface 
of  the  brick  with  plaster.   The  thermocouple  leads  were  run  along  the  floor  out  through 
the  entrance  slit  of  the  tunnel  and  were  connected  to  a  24-point  temperature  recorder 
with  a  48-second  print  cycle  (2  seconds  between  prints) .   Thermocouples  on  the  exposed 
surface  of  the  specimen  or  25  mm  (1  in)  below  it  were  mounted  by  drilling  two  holes 
25  mm  (1  in)  apart  and  bringing  the  lead  wires  through  the  specimen  and  securing  them 
to  the  unexposed  surface.   At  that  point  the  0.25  mm  (10  mil)  wires  were  generally 
welded  to  1.3  mm  (50  mil;  #16  gage)  wires  and  then  led  along  the  top  of  the  specimen 
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and  back  into  the  tunnel  0 . 31  m  (1  ft)  upstream  of  the  burner  and  out  through  the  slit. 
The  lead  wires  on  either  side  of  the  exposed  thermocouple  junction  ran  parallel  to  the 
specimen  surface  for  13  mm  (1/2  in)  in  order  to  minimize  heat  conduction  losses. 
Selected  thermocouples  at  critical  locations  were  connected  to  continuous  pen  recorders 
in  order  to  obtain  a  better  time  response. 

Temperature  data  were  also  taken  with  the  1.0  mm  (4  0  mil;  #18  gage)  chromel  alumel 
thermocouple  at  7.0  m  (23  ft)  which  is  used  to  measure  the  fuel  contribution  in  all  of 
the  regular  tests. 

No  corrections  to  the  thermocouple  readings  were  made  for  radiation. 


3.3.   Oxygen  Concentration 

The  oxygen  concentration  at  various  distances  in  the  tunnel  and  in  the  exhaust 
duct  was  measured  with  a  chemical  oxygen  cell  which  uses  a  KC1  solution  with  gold  and 
zinc  electrodes.   It  has  an  output  voltage  which  is  directly  proportional  to  the  oxygen 
concentration.   It  nominally  produces  180  mv  for  a  20.8  percent  oxygen  concentration. 
However,  the  output  depends  on  the  condition  of  the  cell  and  decreases  with  age, 
requiring  rejuvenation  in  six  months  or  less  depending  on  the  usage. 

A  fiber  glass  filter  was  used  to  remove  particulates,  a  charcoal  filter  was  used 
to  remove  organic  vapors,  a  silica  gel  filter  was  used  to  remove  water  and  a  pumice 
filter  loaded  with  sodium  hydroxide  was  used  to  remove  acids.   An  adjustable  flow  meter 
between  the  cell  and  the  vacuum  line  was  set  to  produce  a  flow  rate  of  39  cm3/s  (5  cfh) 
through  the  cell.   The  inlet  to  the  series  of  filters  was  connected  to  a  6.4-mm  (1/4-in) 
copper  tube  whose  other  end  terminated  at  the  sampling  point.   During  the  later  phases 
of  this  project  oxygen  concentrations  were  also  measured  with  a  high  temperature  oxygen 
cell  which  oxidized  any  unburned  fuel  prior  to  the  measurement. 


3.4.   Air  Velocity 

Velocities  of  the  ambient  air  were  measured  with  a  hot  film  thermoanemometer  and 
with  pitot  tubes.   The  pitot  tube  system  alone  was  used  at  the  elevated  temperatures. 
The  vertical  velocity  profiles  were  obtained  with  a  bank  of  ten  pitot  tubes  mounted  on 
a  ring  stand.   They  were  connected  to  a  rotary  fluid  switch  by  means  of  6.4  mm  (1/4-in) 
copper  tubing  running  along  the  floor  of  the  tunnel  and  out  through  the  entrance  slit. 
This  switch  was  used  to  connect  the  pitot  tubes  in  sequence  to  the  pressure  transducer 
which  was  connected  to  a  continuous  pen  recorder.   Thermocouples  were  located  near  the 
tip  of  each  pitot  tube. 


3.5.   Heat  Flux 

The  heat  flux  into  the  surface  of  the  specimen  or  the  floor  of  the  tunnel  was 

measured  with  heat  flux  meters  either  attached  directly  to  an  ACB  specimen  with  a  high 

temperature  cement  or  mechanically  attached  to  a  water-cooled  plate.   Silicon  stop  cock 
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grease  was  used  to  reduce  the  thermal  contact  impedence  between  the  meter  and  the 
underlying  surface.   The  term  heat  flux  meter  as  used  in  this  report  refers  to  a  flat 
plate  device  which  consists  of  a  sandwich  of  three  ceramic  wafers.   The  center  one  is 
wound  with  alternate  lengths  of  dissimilar  wires  welded  together  to  form  a  thermopile 
which  measures  the  temperature  difference  across  the  wafer.   The  output  voltage  is 
proportional  to  the  heat  flux  conducted  through  the  meter.   This  is  sometimes  called  a 
thermal  ammeter.   The  exposed  face  of  the  meter  was  given  a  coat  of  velvet  black  paint 
whose  absorptance  is  0.97. 

The  second  method  of  measuring  the  incident  heat  flux  was  approximate  but  permitted 
the  measurement  at  many  different  locations  simultaneously.   Thermocouples  were  located 
on  the  front  and  rear  surface  every  0.1  m  (4  in)  along  two  1.2  m  (4  ft)  lengths  of 
asbestos  millboard  (AMB) .   After  a  steady  difference  in  temperature  between  the  rear 
and  front  surface  was  achieved,  the  heat  flux  conducted  into  the  specimen  at  each 
location  was  calculated  from  this  temperature  difference  and  the  known  thermal  conducti- 
vity of  the  material.   The  heat  flux  radiated  from  the  exposed  surface  was  calculated 
from  its  temperature  assuming  an  emittance  of  unity.   The  incident  heat  flux  at  equili- 
brium was  considered  to  be  equal  to  the  sum  of  the  radiation  from  the  exposed  surface 
and  the  conduction  losses  through  the  specimen.   An  emittance  of  0.96  at  38  °C  (100  °F) 
has  been  reported  for  asbestos  board  [9] . 


4.   RESULTS  AND  DISCUSSION 

4.1.   Noncombustible  Specimens 

4.1.1.   Temperature 

In  all  of  the  standard  tunnel  tests  the  temperature  is  measured  at  a  point  25  mm 
(1  in)  below  the  specimen  and  a  point  7.0  m  (23  ft)  from  the  burner  and  midway  between 
the  sides  of  the  tunnel.   The  integral  of  the  temperature  rise  over  the  ten-minute 
exposure  period  compared  to  that  of  an  ACB  specimen  determines  the  heat  contribution  of 
the  test  specimen.   This  temperature  history  for  an  ACB  specimen  as  recorded  in  UL  723 
is  reproduced  in  figure  3.   During  one  of  the  instrumented  tunnel  tests  on  an  ACB 
specimen  the  vertical  temperature  profiles  were  measured  with  an  array  of  10  thermo- 
couples located  at  0.92,  2.7,  4.3,  6.1  and  7.0  m  (3,  9,  14,  20  and  23  ft).   In  figure  4 
these  profiles  are  compared  at  10  minutes  into  the  test.   A  peak  temperature  of  about 
8  00  °C  (1500  °F)  25  mm  (1  in)  below  the  specimen  is  noted  in  the  region  of  the  burner 
flame.   This  is  in  the  range  of  temperatures  occurring  25  mm  (1  in)  from  the  ceiling  of 
a  room  at  the  time  of  flashover.   The  temperature  profile  flattens  as  the  air  moves 
down  the  tunnel.   Apparently  the  heat  gained  by  the  air  in  the  lower  part  of  the  tunnel 
by  mixing  compensates  for  the  heat  losses  to  the  floor  so  that  the  temperature  near  the 
floor  doesn't  change  very  much  with  distance. 

Figure  5  shows  the  vertical  variation  of  temperature  along  the  wall  for  an  ACB 
specimen  at  4.3  m  (14  ft)  at  four  minutes.   The  data  are  badly  scattered  but  they  do 
indicate  an  average  temperature  of  about  160  °C  (340  °F)  on  the  upper  part  of  the  wall. 
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This  data  was  taken  in  order  to  estimate  the  expected  radiation  to  the  specimen.   Note 
that  a  160  °C  (320  °F)  black  body  surface  will  only  radiate  about  0.21  W/cm2 
(0.18  Btu/ft2-s) . 

The  temperature  of  the  lower  exposed  and  upper  unexposed  surfaces  of  a  13-mm 

(1/2-in)  thick  AMB  specimen  is  plotted  as  a  function  of  distance  after  a  20-minute 

exposure  in  figure  6.   The  maximum  exposed  surface  temperature  of  about  650  °C  (1200  °F) 

occurs  0.61  m  (2  ft)  downstream  from  the  burner.   The  calculation  of  the  heat  flux  from 

i 

these  temperature  distributions  was  described  in  subsection  3.5.   The  temperature 
distribution  25  mm  (1  in)  below  an  AMB  specimen  after  10  minutes  is  also  shown  in 
figure  6  in  order  to  provide  an  estimate  of  the  expected  temperature  gradient  in  the 
gas  phase  for  heat  transfer  considerations.   The  gas  temperature  was  nearly  constant 
after  5  minutes.   The  lateral  distribution  of  temperature  across  the  exposed  and  unex- 
posed surfaces  of  the  AMB  specimen  and  25  mm  (1  in)  below  it  at  0.76  m  (2.5  ft)  is 
shown  in  figure  7  after  a  20-minute  exposure.   The  rear  wall  is  the  wall  opposite  to 
the  one  containing  the  viewing  windows.   These  profiles  covering  one-half  of  the  tunnel 
width  show  the  degree  of  error  incurred  by  assuming  that  the  centerline  temperature  is 
the  average  over  the  total  width.   The  reduction  in  the  area  under  the  curves  due  to 
heat  losses  at  the  wall  was  less  than  5  percent.   Data  was  not  taken  on  the  window  side 
to  check  the  effect  of  symmetry. 


4.1.2.   Oxygen  Concentration 

The  decrease  in  oxygen  concentration  of  the  air  leaving  the  tunnel  provides  an 
approximate  measure  of  the  heat  released  by  the  specimen.   This  is  based  on  the  assump- 
tion that  for  a  given  volume  of  oxygen  consumed  there  will  be  a  fixed  amount  of  heat 
released  regardless  of  the  type  of  fuel.   While  this  amount  does  vary,  the  variation  is 
relatively  small  over  a  wide  range  of  materials  which  are  tested  in  the  tunnel  as  seen 
in  table  2.   The  values  tabulated  for  the  polymeric  materials  are  calculated  from  the 
table  appearing  in  an  article  by  Throne  and  Griskey  [10] .  The  tabulated  heats  of  com- 
bustion are  based  upon  complete  combustion  with  all  the  carbon  and  hydrogen  present  in 
the  reactants  appearing  in  water  and  carbon  dioxide  in  the  products.   The  heat  of 
combustion  of  cellulose  is  taken  from  Johnson  [11]  while  the  heats  of  combustion  for 
hydrogen,  carbon,  and  methane,  included  for  reference  purposes  are  taken  from  the 
Handbook  of  Chemistry  and  Physics  [12] .   The  differences  between  the  net  and  gross 
heats  of  combustion  for  the  various  materials  were  determined  by  multiplying  the  mass 
of  water  formed  by  its  heat  of  vaporization  which  was  taken  to  be  2.49  kJ/g  (1072 
Btu/lb) .   In  calculations  involving  the  air  temperature  rise  in  the  tunnel  or  in  a  room 
fire  we  are  concerned  with  the  net  heat  of  combustion  since  the  water  formed  during  the 
combustion  process  remains  in  the  gaseous  state  in  the  region  of  interest.   It  is  noted 
in  the  table  that  methane  produces  16.4  MJ/m3  (441  Btu/ft3)  of  oxygen  consumed  and  that 
this  value  represents  all  of  the  entries  in  the  table  to  within  +  15%  (Hydrogen  excluded) 
If  the  chemical  composition  and  heat  of  combustion  of  the  material  are  known  then  its 
heat  produced  per  unit  volume  of  oxygen  consumed  can  be  calculated.   However,  the  real 
value  may  deviate  some  from  the  calculated  value  if  combustion  is  not  complete. 
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Actually  this  deviation  may  be  small  because  the  reduction  in  heat  produced  is  accomp- 
anied by  a  roughly  equivalent  drop  in  oxygen  consumed.   The  heats  of  pyrolysis,  dehydra- 
tion, and  evaporation  for  the  material  are  included  in  its  measured  gross  heat  of 
combustion  in  the  oxygen  bomb  calorimeter.   The  release  of  volatiles  from  the  specimen 
surface  and  chemical  reactions  in  the  gas  phase  lead  to  volume  changes  in  the  flow 
which  can  also  affect  the  oxygen  concentration.   This  source  of  error,  not  considered 
to  be  large,  is  not  considered  here.   In  spite  of  these  effects  it  is  expected  that  the 
measured  oxygen  depletion  would  yield  approximate  values  of  the  heat  released  in  the 
tunnel  which  are  better  than  those  obtained  by  calorimetric  methods  because  of  the 
significantly  high  rate  of  heat  losses  in  the  tunnel. 

The  oxygen  depletion  is  defined  by 

Y  -  Y 

0  =  — x  100  percent  (1) 

Y 
o 

where  Y  is  the  oxygen  concentration  during  the  test  and  Y   is  the  concentration  prior 
to  the  test.   The  determination  of  the  oxygen  consumed  depends  on  knowing  the  mass  flow 
rate  of  the  air  as  well  as  the  oxygen  depletion  and  it  is  assumed  that  the  depletion  is 
constant  over  the  cross  section  of  the  duct.   The  mass  flow  is  nominally  0.207  kg/s 
(27.5  lbs/min)  but  drops  by  as  much  as  20  percent  during  the  test  for  some  materials  in 
some  tunnels  [7] .   The  rate  of  air  inflow  should  be  monitored  during  the  test.   In  fact 
it  is  hoped  in  the  upgrading  of  the  tunnel  by  the  tunnel  operators  that  the  air  velocity 
into  the  tunnel  would  be  controlled  rather  than  the  pressure  drop  across  the  tunnel  and 
the  duct,  thereby  providing  better  uniformity  between  tunnels  and  a  constant  inflow  air 
velocity  in  all  of  them.   The  gases  are  well  mixed  by  the  time  they  reach  the  sampling 
point  near  the  pressure  tap  in  the  duct.   This  was  verified  by  traversing  the  duct  in 
the  vertical  direction  with  the  sampling  probe.   Figure  8  shows  the  oxygen  concentration 
measured  at  the  centerline  of  the  duct  for  an  ACB  specimen.   The  sampling  point  is  at 
the  location  of  the  pressure  tap  approximately  22  ft  downstream  from  the  end  of  the 
tunnel.   The  13-percent  depletion  is  due  to  the  consumption  of  oxygen  by  the  burner 
flame.   However,  this  value  is  reached  relatively  slowly  due  to  lags  in  the  measurement 
system.   This  poor  time  response  is  the  source  of  some  error  in  the  peak  oxygen  depletion 
measured  during  short  duration  burns.   However,  the  small  cost  and  relative  ruggedness 
of  the  cells  justified  their  use  in  the  preliminary  investigation.   In  most  of  the 
cases  this  response  was  enough.   The  high  temperature  oxygen  cell  used  later  in  the 
project  provided  a  faster  responding  system. 

The  variation  of  oxygen  concentration  with  distance  on  the  floor  of  the  tunnel  due 
to  mixing  is  shown  in  figure  9.  The  concentration  is  reduced  about  0.6  percent  at  3.1 
m  (10  ft)  and  about  1.8  percent  at  5.5  m  (18  ft).  In  a  room  fire  the  oxygen  concentra- 
tion is  near  normal  in  the  free  stream  but  drops  as  the  flaming  region  is  approached. 
In  the  tunnel  the  airflow  near  the  floor  should  represent  the  free  stream  conditions  of 
airflow  temperature,  and  oxygen  concentration  insofar  as  possible.  The  additional  drop 
in  oxygen  concentration  caused  by  combustible  specimens  will  be  presented  in  subsection 
4.4.4.   Figure  10  shows  the  vertical  oxygen  concentration  profile  at  2.7  m  (9  ft)  in 

13 


the  tunnel  with  an  ACB  specimen.   The  oxygen  depletion  profiles  obtained  at  five 
minutes  with  the  high  temperature  oxygen  cell  at  0.92,  2.7,  4.3,  and  7.0  m  (3,  9,  14, 
and  23  ft)  midway  between  the  walls  of  the  tunnel  are  shown  in  figure  11.   The  oxygen 
depletion  measured  in  the  duct  was  12.8  percent  while  the  average  depletion  at  0.92  m 
(3  ft)  was  18  percent.   This  difference  can  qualitatively  be  accounted  for  by  the 
reduced  mass  flow  rate  of  the  heated  air  in  the  upper  part  of  the  tunnel. 


4.1.3.   Air  Velocity 

A  knowledge  of  the  air  velocity  profiles  as  well  as  the  temperature  profiles  in 
the  tunnel  are  necessary  for  computing  the  quantity  of  heat  being  carried  along  by  the 
air  and  for  estimating  the  heat  transfer  to  the  ceiling,  walls,  and  floor.   The  rate  of 
heat  transfer  to  the  specimen  forming  the  ceiling  controls  its  fuel  production  rate 
which  in  turn  determines  the  flame  distance  and  hence  its  FSC.   Figure  12  shows  the 
ambient  velocity  distribution  measured  across  the  tunnel  at  midheight  and  7.2  m 

(23.75  ft)  from  the  burner  using  a  hot  film  anemometer.   This  profile  is  taken  during 
the  normal  calibration  runs  of  the  tunnel  to  establish  the  average  air  velocity.   In 
order  to  obtain  the  velocity  profiles  at  elevated  temperature  it  was  necessary  to  use 
pitot  tubes..  Two  factors  limit  the  accuracy  of  these  measurements.   First,  the  veloci- 
ties are  below  the  optimum  operating  range  of  the  pressure  sensor  producing  pressure 
differentials  in  many  cases  of  less  than  2.5  Pa  (0.01  in  of  water).   Second,  the  intro- 
duction of  the  air  through  a  slit  near  the  floor  of  the  tunnel,  the  location  of  the 
seven  bricks  purposely  used  to  increase  turbulence,  and  even  the  thermocouple  tree  and 
the  ten  pitot  tubes  along  with  their  copper  tubing  running  the  length  of  the  tunnel 
produced  eddies  which  could  cause  a  misalignment  of  the  direction  of  airflow  and  the 
axis  of  the  pitot  tube.   Nevertheless  these  distributions  were  determined  and  they  are 
of  the  proper  magnitude  to  roughly  account  for  the  total  mass  flow  rate  of  the  air. 
The  vertical  velocity  profile  of  the  ambient  air  measured  with  pitot  tubes  at  2.7  m 

(9  ft)  from  the  burner  is  shown  in  figure  13.   The  relatively  flat  profiles  of  both 
figures  12  and  13  are  characteristic  of  turbulent  flow.   The  Reynolds  number  is  approxi- 
mately 30,000. 

When  the  burner  was  turned  on  the  profile  shown  in  figure  14  was  obtained.   If 
there  were  no  vertical  transfer  of  momentum  and  the  mass  inflow  of  air  were  to  remain 
constant,  the  velocity  would  be  proportional  to  the  absolute  temperature  of  the  air. 
The  dashed  curve  was  obtained  by  dividing  the  velocity  by  the  ratio  of  the  absolute 
temperature  and  the  ambient  absolute  temperature ,  T/T  .   The  departure  of  this  dashed 
curve  from  the  distribution  in  figure  13  demonstrates  the  presence  of  such  momentum 
transfer.   The  slope  of  the  velocity  profile  should  decrease  with  distance  down  the 
tunnel  due  to  momentum  transfer.   Figure  15  shows  the  velocity  profiles  at  4 . 3  and  6.1  m 
(14  and  20  ft)  with  the  burner  on  and  at  6.1  m  (20  ft)  with  the  burner  off. 

In  order  to  look  for  changes  in  the  mass  inflow  rate  the  thermcanemometer  was 
positioned  just  in  front  of  the  entrance  slit  to  the  tunnel  where  the  relative  change 
in  inflow  velocity  could  be  recorded.   A  record  of  the  output  of  this  probe  versus  time 
is  shown  in  figure  16.   Initially  there  is  a  drop  in  the  inflow  velocity  as  the  burner 

14 


is  turned  on.   This  transient  lasts  long  enough  for  the  expanded  hot  air  to  follow  the 
slower  moving  ambient  air  through  the  tunnel  and  out  the  duct.   The  original  inflow 
velocity  was  restored  in  about  six  seconds.   While  the  average  inflow  rate  does  not 
seem  to  be  changed,  the  instantaneous  inflow  shares  some  of  the  turbulence  developed  in 
the  tunnel. 

The  volumetric  air  inflow  rate,  V  can  also  be  calculated  from  the  oxygen  depletion 

3. 

in  the  stack  with  the  methane  burner  serving  as  the  only  source  of  fuel. 


SV 

Va   =  2 (2) 

0.01  0  Y 
o 

where  S  is  the  number  of  volumes  of  oxygen  needed  for  complete  combustion  of  one  volume 
of  fuel,  and  V  is  the  volumetric  delivery  rate  of  the  gas.   S=2  for  methane  and  V  is 

g  g 

2.3  dm3/s  (4.9  cfm)  for  the  tunnel.   The  oxygen  concentration  in  normal  air,  Y  ,  is 
0.208.   Using  the  13  percent  oxygen  depletion  measured  in  the  exhaust  duct  with  the  ACB 
specimen  (figure  8)  V  is  estimated  to  be  0.17  m3/s  (362  cfm).   The  cross  sectional 
area  of  the  tunnel  is  0.14  m2  (1.46  ft2),  so  the  average  linear  velocity  at  ambient 
temperature  is  1.3  m/s  (248  ft/min) .   This  average  velocity  is  close  to  that  estimated 
from  the  velocity  profile  obtained  with  the  pitot  tubes  in  figure  13,  1.3  m/s  (250 
ft/min),  and  the  thermoanemometer  in  figure  12,  1.2  m/s  (245  ft/min).   The  velocity 
averaged  over  both  vertical  and  horizontal  directions  could  be  somewhat  lower.   The 
nominal  velocity  is  1.2  m/s  (240  ft/min)  at  41  °C  (105  °F)  which  would  be  reduced  to 
1.1  m/s  (225  ft/min)  at  ambient  temperature. 

The  10  percent  difference  could  be  due  to  errors  in  velocity  and  oxygen  concentra- 
tion measurements,  incomplete  combustion,  air  leakage  into  the  tunnel,  or  actual  varia- 
tions in  mass  inflow  of  air  through  the  tunnel. 


4.1.4.   Pressure  Drop  in  the  Tunnel 

In  order  to  estimate  the  effective  friction  factor  inside  of  the  tunnel  and  the 

flow  impedence  of  the  entrance  slit,  the  pressures  were  monitored  at  several  points. 

These  parameters  are  important  in  estimating  the  heat  transfer  and  the  variation  in 

velocity  with  the  air  temperature  and  the  pressure  differential  across  the  tunnel. 

According  to  the  UL  flammability  studies  16]  the  variation  in  velocity  appears  to  have 

a  small  effect  on  flame  spread  distances  in  the  tunnel  but  a  large  one  on  the  smoke 

concentration  in  the  duct.   The  negative  pressures  as  determined  from  the  side  port  of 

a  pitot  tube  aligned  with  the  axis  of  the  tunnel  and  located  on  the  floor  with  the 

burner  off  are  shown  as  a  function  of  distance  from  the  burner  in  figure  17.   These 

measurements  were  made  at  ambient  temperatures.   The  variation  in  pressure  is  small 

compared  with  the  scatter.   Nonetheless  a  slope  was  estimated  to  be  0.20  Pa/m  (2,4  x 

—  k 
10   in  of  water/ft)  using  a  least  squares  fit.   The  friction  factor,  f,  is  calculated 

from  the  relationship  [12] : 

15 


f   =   gD(AP/L)/(2  pV2)  (3) 

where  g  is  the  newton  constant  (1  m  kg/Ns2;  32.2  ft  lb/lbfS2) ,  AP  is  the  pressure 

difference  (lbf/ft2)  over  the  length  L(feet),  p  is  the  air  density  (1.22  kg/m3; 

0.0763  lb/ft3),  V  is  the  velocity  (1.22  m/s;  4  ft/sec),  and  D  is  the  hydraulic  diameter 

(0.37  m;  1.2  ft).   The  hydraulic  diameter  is  equal  to  4  times  the  cross  sectional  area 
divided  by  the  perimeter.   A  pressure  of  249  Pa  (1  in  of  water)  is  equal  to  249  N/m2 

(5.2  lbf/ft2).   The  calculated  value  of  f  from  equation  (3)  is  0.020.   The  accuracy  of 
this  calculation  suffers  from  the  scatter  of  the  data,  but  the  result  leads  to  a  pre- 
diction of  the  heat  transfer  which  is  roughly  in  agreement  with  the  other  methods  which 
will  be  discussed. 

The  Reynold's  number,  Re  =  — ,  is  30,000  based  on  a  velocity,  V,  of  1.2  m/s 
(4  ft/sec),  a  kinematic  viscosity,  v,  of  0.15  cm2/s  (1.6  x  10   ft  /sec,  and  a  hydraulic 
diameter  of  0.37  m  (1.2  ft).   For  smooth  tubes, 

f   ^   (0.046)/(Re)0-2  (4) 

so  the  smallest  value  f  could  assume  is  0.006.   A  typical  value  for  concrete  surfaces 
is  0.01  [13],   The  value  derived  from  figure  17  is  twice  as  high  but  there  are  large 
scale  irregularities  in  the  tunnel  including  the  added  turbulence  bricks.   It  is  clear 
from  the  figure  that  a  large  fraction  of  the  pressure  drop  is  across  the  entrance 
region  of  the  tunnel.    This  large  flow  impedence  which  is  independent  of  temperature 
has  a  stabilizing  effect  on  the  mass  inflow  rate  of  air  in  the  tunnel  particularly 
since  the  impedence  of  the  tunnel  itself  increases  with  air  temperature. 

The  measurement  of  the  pressure  drop  in  the  tunnel  can  be  used  to  estimate  the 
effect  of  the  distance  and  location  of  the  pressure  tap  on  the  change  in  the  mass 
inflow  rate  of  the  air  during  a  regular  tunnel  test.   Figure  18  is  a  simplified  sketch 
of  a  vertical  cross  section  of  the  tunnel,  riser,  and  exhaust  duct  showing  the  specific 
pressure  points  needed  for  this  development.   The  following  relationship  between  the 
pressures  must  hold: 

(po-  Pj)  +  (Pi  -  p2)  +  (p2  -  p3)  +  (p3  -  pj  +  (pk  -   p5)  =  po  -  p5  =  PQgz 


AP  ,  ..  +  AP,.     ,.  +  AP  .     +  AP,   .  +  AP^     =   P  gz  (5) 

slit     tunnel     riser     duct     tap      or 

The  drop  in  pressure  across  the  slit  is  proportional  to  the  kinetic  energy  of  the 

flow  so  that  AP  ,  .  .  =  kp  V  2.   The  pressure  drop  across  the  tunnel  and  the  exhaust  duct 
slit     o  o 

are  given  by  equation  3.   The  pressure  drop  in  the  riser  is  given  by  pgz  and  Ap     is 
controlled  at  a  fixed  negative  value  throughout  the  test.   Then  equation  5  can  be 
written 
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(6) 


where  the  subscripts  T,  D,  and  R  refer  to  the  average  values  of  these  parameters  in  the 

tunnel,  exhaust  duct,  and  riser  respectively 

ambient  temperature  a  value  of  15.5  was  calculated  for  K. 


Taking  f   =  f   =  0.02  and  measuring  G  at 


Since  all  tunnels  do  not  share  the  same  differences  in  height  between  the  tunnel 
and  the  pressure  tap,  z,  there  will  be  differences  in  the  effective  pressure  across  the 
tunnel  when  the  temperature  of  the  air  in  the  duct  is  rising  during  a  test.   This  means 
that  there  may  be  significant  mass  inflow  velocity  differences  between  tunnels  during 
their  operation  which  may  cause  some  changes  in  flame  spread  and  larger  changes  in 
smoke  transmission.   For  uniformity  between  tunnels  either  (1)  the  pressure  taps  should 
be  at  the  same  elevation  and  distance  from  the  end  of  the  tunnel,  (2)  the  airflow 
should  be  controlled  directly  from  the  measured  velocity  at  the  entrance  slit  or  (3) 
the  pressure  tap  should  be  located  upstream  of  the  burner  where  the  air  temperature  is 
not  changing  during  the  test.   In  updating  existing  tunnels  the  latter  alternatives 
would  be  more  feasable. 

4.1.5.   Heat  Flux 

The  response  of  a  material  to  a  fire  environment,  as  measured  by  its  ignitability, 
heat  release  rate,  and  rate  of  flame  spread,  depends  on  its  incident  heat  flux.   The 
comparison  between  the  heat  fluxes  in  a  room  fire  and  those  in  the  tunnel  are  of  the 
utmost  importance. 

It  is  difficult  to  measure  the  heat  flux  without  altering  the  quantity  being 
measured.   The  incident  heat  flux  is  due  to  both  radiation  and  convection.   The  latter 
depends  on  the  difference  between  the  gas  and  surface  temperature.   Since  the  surface 
temperature  of  a  burning  specimen  will  be  in  excess  of  315  °C  (600  °F)  the  heat  absorbed 
at  the  surface  of  the  specimen  will  be  less  than  that  for  a  water-cooled  Gardon  heat 
flux  gage  or  water-cooled  heat  flux  meter  flush  with  the  surface.   Nevertheless, 
measurements  with  a  water-cooled  heat  flux  meter  were  collected  so  that  a  direct  com- 
parison could  be  made  with  the  water-cooled  Gardon  total  heat  flux  gage  used  in  the 
full-scale  corner  and  room  tests.   Measurements  made  on  the  surface  of  an  ACB  specimen 
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0.61  m  (2.0  ft)  from  the  burner >with  a  water-cooled  heat  flux  meter  yielded  a  maximum 
flux  of  6.3  W/cm2  (5.5  Btu/ft2 -sec)  as  seen  in  figure  19.   This  is  in  the  region  of 
flame  impingement  from  the  burner.   The  range  of  incident  heat  fluxes  measured  1.2  m 
(4  ft)  above  the  floor  in  the  UL  corner  tests  with  the  9.1-kg  (20-lb)  crib  [6]  ran 
between  6.0  and  8.4  W/cm2  (5.3  and  7.4  Btu/ft2 -sec)  by  the  time  the  flames  had  covered 
the  ceiling.   The  1.2-m  (4-ft)  elevation  was  chosen  so  that  the  flux  measurement  would 
be  well  within  the  area  of  impingement  of  the  crib  flame. 

In  another  measurement  made  at  0.76  m  (2.5  ft)  with  the  heat  flux  meter  attached 
directly  to  the  ACB  without  water  cooling,  the  flux  conducted  into  the  specimen  was 
observed  to  be  4.0  W/cm   (3.5  Btu/ft  'sec).   When  the  ACB  surface  rose  in  temperature, 
there  was  a  reduction  in  the  heat  transferred  to  the  surface  and  furthermore,  part  of 
the  incident  heat  flux  was  radiated  away  so  that  the  actual  incident  heat  flux  was 
greater  than  4.0  W/cm2   (3.5  Btu/ft2-sec)  but  less  than  6.3  W/cm2  (5.5  Btu/ft2 -sec) . 

As  was  explained  in  subsection  3.5  the  heat  flux  distribution  along  a  13-mm  (1/2-in) 
thick  AMB  specimen  over  the  entire  length  of  the  tunnel  was  estimated  by  attaching  0.25 
mm  (10  mil)  thermocouples  every  0.1  m  (4  in)  along  the  length  of  two  1.2-m  (4-ft) 
sections  on  both  the  exposed  and  unexposed  surfaces.   Twenty-minute  runs  were  made  with 
the  boards  between  0  and  2.4m  (0  and  8  ft) ,  then  2.4  and  4.9m  (8  and  16  ft) ,  and 
finally  between  4.9  and  7.3  m  (16  and  24  ft).   This  time  was  sufficient  to  establish 
nearly  steady  flow  through  the  specimen.   The  temperature  data  is  presented  in  figure  6. 
The  thermal  conductivity  of  the  AMB  was  measured  to  be  0.135  W/m-K)  (2.17  x  10~5Btu/ 
sec-ft-°F).   The  incident  heat  flux,  H,  which  was  partly  conducted  through  the  specimen 
with  the  remainder  radiated  from  its  surface,  was  calculated  from  the  formula 

H   =   -  (T   -  T  )  +  eaT  k  (7) 

x   s    r       s 

where  K  is  the  thermal  conductivity,  x  is  the  thickness,  T   is  the  front  surface  tempera- 
ture, T   is  the  rear  surface  temperature,  e  is  the  emittance  which  is  assumed  to  be 
unity,  and  o  is  the  Stefan  Boltzmann  constant. 

The  results  of  this  calculation  are  plotted  in  figure  20.   The  magnitude  of  the 
heat  flux  will  depend  on  the  material.   The  distribution  for  AMB  is  taken  as  a  typical 
one.   The  amplitude  will  actually  increase  somewhat  for  materials  of  higher  thermal 
conductivity.   For  the  AMB  it  is  seen  to  be  a  peaked  distribution  which  drops  to  essen- 
tially half  of  its  maximum  value  at  the  end  of  the  burner  flame. 

This  is  consistent  with  the  general  principle  of  calling  the  flame  distance  the 
furthest  point  at  which  flame  is  present  half  of  the  time.   Note  that  the  flux  at  0.76 
m  (2.5  ft)  was  calculated  to  be  3.75  W/cm2  (3.3  Btu/ft2 -s)  for  AMB  whereas  for  ACB 
which  had  a  thermal  conductivity  of  0.36  W/m-K  (5.8  Btu/sec-ft-  °F)  and  a  thickness  of 
6.4  mm  (1/4-in)  it  was  measured  to  be  between  4.0  and  6.3  W/cm2  (3.5  and  5.5  Btu/ft2 -sec) . 
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In  order  to  estimate  the  convective  component  of  the  heat  flux  to  the  surface,  the 
momentum  heat  transfer  analogy  [13]  was  used.   The  surface  heat  transfer  coefficient, 
h,  is  given  according  to  this  analogy  by 

h  =  |£  pCV  (8) 

where  E  is  the  ratio  of  the  eddy  dif fusivities  for  heat  and  momentum  (approximately 
unity  for  air),  f  is  the  friction  factor,  measured  to  be  0.020,  p  is  the  density,  C  is 
the  heat  capacity  and  V  is  the  air  velocity.   The  product  pV  is  approximately  constant 
and  equal  to  its  ambient  value  (1.5  kg/m2-s  (0.31  lb/ft2 • sec) ) .   The  average  value  of 
C  between  20  °C  (70  °F)  and  800  °C  (1500  °F)  is  1.1  kJ/kg-K  (0.26  Btu/lb-°F).   Hence 
h  a  16.5  W/m2*K  (0.00081  Btu/ft2 •sec °F) .   The  convective  heat  flux,  H  ,  is  given  by 

Hc   =  hAT  (9) 

From  figure  6  the  air  temperature  25  mm  (1  in)  below  the  AMB  at  7.0  m  (23  ft)  is 
338  °C  (640  °F) .   The  temperature  of  the  surface  is  204  °C  (400  °F) .   Putting  this 
temperature  difference  in  equation  (7)  yields  a  convective  heat  flux  of  0.22  W/cm2 
(0.19  Btu/ft2 #sec) .   The  estimated  total  incident  heat  flux  from  figure  19  at  7.0  m 
(23  ft)  was  0.38  W/cm2.   While  both  of  these  numbers  contain  considerable  approximation, 
the  convective  component  is  of  the  correct  order  of  magnitude  to  account  for  most  of 
the  total  heat  flux  near  the  end  of  the  tunnel.   Radiation  from  the  wall  and  floor  will 
also  provide  some  contribution.    For  example,  if  the  average  temperature  of  the  walls 
and  floor  were  half  that  of  the  AMB  surface  the  radiation  contribution  would  be  0.14 
W/cm2  (0.12  Btu/ft2vsec)  . 

A  plot  of  the  convective  component  of  the  heat  flux  distribution  between  1.2  m 
(4  ft)  and  6.1  m  (20  ft)  based  on  the  momentum-heat  transfer  analogy  using  the  air  and 
exposed  surface  temperatures  in  figure  6  is  given  in  figure  21.   Comparison  with  the 
total  heat  flux  distribution  indicates  that  beyond  2.4  m  (8  ft)  in  the  tunnel  the  heat 
transfer  might  be  accounted  for  by  using  the  above  analogy  for  convection  and  by  taking 
wall  radiation  into  account.   However,  flame  radiation  and  other  heat  transfer  mech- 
anisms must  be  considered  in  order  to  take  the  large  difference  between  these  curves 
into  account  in  the  flame  region.   Figure  6  indicates  a  temperature  difference  of  288 
°C  (550  °F)  between  the  AMB  surface  and  the  temperature  25  mm  (1  in)  below  it  at  0.76  m 
(2.5  ft).   Equation  (9)  yields  a  convective  heat  flux  of  only  0.48  W/cm2  (0.42  Btu/ 
ffsec)  whereas  the  estimated  total  heat  flux  was  3.75  W/cm2  (3.3  Btu/ft2  •  sec)  . 

Yet  another  way  to  estimate  the  heat  flux  to  the  surface  is  to  determine  the  rate 
of  loss  of  the  enthalpy  of  the  air  as  it  passes  down  the  tunnel. 


QL  =   pVaCAT  (10) 
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This  would  result  in  a  total  rate  of  heat  transfer  of  3.5  kW  (3.3  Btu/sec) .   If  the 
flow  is  assumed  to  be  two-dimensional ,  then  the  losses  would  be  only  through  the  speci- 
men and  the  floor  of  the  tunnel.   The  area  of  the  floor  and  the  specimen  between  6.1 
and  7.0  m  (20  and  23  ft)  is  0.84  m2  (9  ft2).   The  average  rate  of  heat  transfer  would 
be  0.41  W/cm2  (0.36  Btu/f t2 -sec) .   Between  2.7  and  4.3  m  (9  and  14  ft)  the  average 
temperature  difference  was  45  °C  (80  °F)  which  yields  an  average  heat  flux  to  the 
surface  of  0.66  W/cm2  (0.58  Btu/f t2 • sec) .   These  estimated  heat  fluxes  are  plotted  in 
figure  21  for  comparison  with  the  other  methods. 

The  heat  flux  measured  on  the  ceiling  of  the  tunnel  by  a  water-cooled  heat  flux 
meter  at  4.3  m  (14  ft)  was  0.64  W/cm2  (0.56  Btu/f t2 • sec) .   Because  of  the  lower  surface 
temperature  this  value  would  be  expected  to  be  somewhat  higher  than  that  to  the  specimen 
surface.   The  heat  flux  measured  on  the  floor  of  the  tunnel  at  4.3  m  (14  ft)  with  a 
water-cooled  heat  flux  meter  was  0.34  W/cm2  (0.30  Btu/ft2-sec)  or  approximately  one-half 
of  that  on  the  ceiling.   The  latter  measurement  was  made  with  the  AMB  specimen. 

The  purpose  of  trying  to  determine  the  heat  flux  by  as  many  methods  as  possible 
was  to  put  its  distribution  on  firmer  ground  in  order  to  provide  a  basis  for  the  flame 
spread  model.   The  heat  fluxes  obtained  by  the  various  methods  are  all  included  in 
figure  21. 


4.2.   Experiments  with  the  Auxiliary  Burner 

4.2.1.   General 

In  the  previous  sections,  the  temperatures,  velocities,  oxygen  depletion,  heat 
fluxes,  and  pressures  were  reported  for  inert  specimens.   Before  proceeding  with  com- 
bustible specimens  a  set  of  experiments  was  conducted  with  an  auxiliary  burner  which 
delivered  known  flow  rates  of  methane  to  simulate  the  gaseous  decomposition  products, 
"fuel,"  that  would  be  released  by  a  combustible  specimen.   The  purpose  of  these  experi- 
ments was  to  examine: 

(1)  the  relationship  between  the  flame  distance  and  the  rate  of  fuel 
production, 

(2)  the  validity  of  using  the  oxygen  depletion  in  the  duct  as  a  measure 
of  the  rate  of  fuel  production  of  the  combustible  specimens,  and 

(3)  the  effect  of  the  rate  of  fuel  production  and  flame  length  on  the  oxygen, 
temperature,  velocity,  and  heat  flux  distributions  in  the  tunnel. 


4.2.2.   Flame  Distance 

The  reported  flame  distance  versus  time  is  shown  in  figure  22.   The  rate  of  flow 
delivered  by  the  auxiliary  burner  is  marked  on  each  plateau  of  this  plot.   The  regular 
burner  with  2.3  dm3/s  (4.9  cfm)  is  started  at  time  zero  and  is  left  on  during  the  run. 
Note  that  as  the  flow  to  the  auxiliary  burner  is  increased,  the  maximum  flame  distance 
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takes  some  time  to  establish.   In  particular  at  a  flow  of  2.4  dm3/s  (5.0  cfm)  through 
the  auxiliary  burner  it  takes  1.5  minutes  for  the  flame  to  reach  its  maximum  distance 
even  with  a  steady  flow  of  methane.   This  effect  was  not  explored  further,  but  was 
merely  noted  because  of  the  bearing  that  it  might  have  in  the  development  of  a  flame 
spread  model  for  the  tunnel.   No  attempt  was  made  to  examine  the  buildup  time  of  the 
regular  burner  flame.   The  maximum  flame  distances  are  plotted  against  the  total  flow 
rate  of  methane  in  figure  23.   The  total  flow  rate  includes  the  2.3  dm3/s  (4.9  cfm) 
flow  to  the  regular  burner  plus  the  flow  rates  to  the  auxiliary  burner.   The  flame 
distance  is  the  distance  from  the  burner  to  the  downstream  end  of  the  flame. 

Beyond  the  burner  flame  the  distance  increases  linearly  with  the  flow  rate  with  a 
slope  of  19  s/dm2  (3.0  ft/cfm) .   It  is  seen,  however,  that  the  2.3  dm3/s  (4.9  cfm) 
contributed  by  the  regular  burner  was  not  nearly  as  effective  in  contributing  to  the 
flame  length  in  the  tunnel.   This  is  probably  because  the  burner  fuel  is  delivered  from 
ports  0.10  m  (4  in)  above  the  floor  and  much  of  the  fuel  is  burned  before  it  reaches 
the  specimen  0.3  m  (1  ft)  or  more  downstream  of  the  burner.   On  the  other  hand,  the 
fuel  from  the  auxiliary  burner  was  delivered  at  the  specimen  surface  in  a  region  already 
supplied  by  the  regular  burner  so  that  its  burning  would  take  place  in  the  proximity  of 
the  surface  and  some  distance  downstream.   The  fuel  delivered  or  generated  at  the 
specimen  surface  has  access  to  oxygen  from  one  side  only  and  is  in  the  proximity  of  a 
heat  sink.   Both  of  their  effects  tend  to  reduce  the  burning  rate  and  thus  extend  the 
flame  area.   The  heat  production  rate  of  the  flame  from  the  auxiliary  burner  is  3.9  W/cm2 
(3.4  Btu/ft2*sec)  assuming  a  net  heat  of  combustion  for  methane  of  34  MJ/m3  (912  Btu/ft3), 
a  flame  width  of  0.46  m  (1.5  ft),  and  the  above  slope  of  19  s/dm2  (3.0  ft/cfm). 


4.2.3.   Oxygen  Depletion 

Figure  24  shows  that  the  relationship  between  the  oxygen  depletion  in  the  duct  and 
the  total  flow  rate  of  methane  is  essentially  linear  with  a  slope  of  6.8%s/dm3  (3.2%/cfm) 
Since  the  auxiliary  burner  introduced  some  impedence  there  was  a  decrease  in  airflow  of 
about  20  percent  as  indicated  by  an  increase  in  oxygen  depletion  with  the  auxiliary 
burner  in  place  but  not  turned  on.   Without  the  auxiliary  burner  installed,  the  regular 
burner  flow  of  2.3  dm3/s  (4.9  cfm)  produced  a  depletion  of  13  percent  or  5.7%s/dm3 
(2.7%/cfm) .   Taking  a  net  heat  of  combustion  of  34  MJ/m3  (912  Btu/ft3)  for  methane  and 
assuming  that  a  given  volume  of  oxygen  consumed  produces  the  same  amount  of  heat  regard- 
less of  the  material,  the  total  rate  of  heat  generation  including  that  from  the  regular 
burner  is  given  approximately  by 

Q   =   6.0  0  kW  =   340  0   Btu/min  (11) 

where  0   is  the  oxygen  depletion  in  percent. 

Equation  (11)  provides  a  means  of  determining  the  heat  generated  by  a  specimen 
during  the  test.   This  is  superior  to  the  use  of  the  regular  fuel  contribution  thermo- 
couple at  7.0  m  (23  ft)  because  the  heat  losses  upstream  of  the  thermocouple  limit  the 
temperature  rise  particularly  when  large  concentrations  of  smoke  are  present  in  the 
tunnel . 
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The  oxygen  concentration  on  the  floor  of  the  tunnel  at  2.7  m  (9  ft)  as  a  function 
of  fuel  flow  is  given  in  figure  25.   At  the  highest  flow  rate  the  flame  exceeds  the 
length  of  the  tunnel,  but  the  oxygen  concentration  on  the  floor  has  been  reduced  by 
only  about  two  percent  of  its  initial  value.   This  low  value  of  oxygen  depletion  is 
important  in  establishing  the  similarity  between  burning  in  the  tunnel  and  in  the  room. 
A  high  oxygen  concentration  at  the  floor  level  of  the  tunnel  should  be  equivalent  to  a 
high  oxygen  concentration  in  the  free  stream  some  distance  away  from  the  burning  surface 
in  the  room. 


4.2.4.   Temperature 

The  temperatures  recorded  at  the  end  of  four  minutes  by  the  standard  fuel  contri- 
bution thermocouple  located  at  7.0  m  (2  3  ft)  are  plotted  as  a  function  of  total  methane 
flow  in  figure  26.   The  tunnel  is  preheated  and  cooled  to  41  °C  (105  °F)  before  starting 
each  test,  hence  the  41  °C  (105  °F)  intercept  of  the  curve  which  appears  to  be  fairly 
linear  with  a  slope  of  88  K>s/dm3  (75  °F/cfm)  of  methane.   If  it  is  assumed  that  the 
temperature  25  mm  (1  in)  below  the  surface  represents  the  average  value,  through  the 
cross  section  of  the  tunnel  this  slope  would  correspond  to  a  6.4  kJ/s  (363  Btu/min) 
increase  in  enthalpy  flow  for  each  0.47  dm3/s  (1  cfm)  of  methane.   Since  the  methane 
has  a  net  heat  of  combustion  of  34  J/cm3  (912  Btu/ft3)  and  the  average  temperature  is 
actually  lower  than  that  recorded  by  the  thermocouple,  over  60%  of  the  heat  is  conducted 
through  the  ACB  specimen  or  lost  through  the  walls  of  the  tunnel.   This  absorption  of 
heat  within  the  tunnel  would  tend  to  be  less  for  a  lower  thermal  conductivity  specimen 
but  more  for  a  smoke  producing  specimen  because  of  thermal  radiation  from  the  smoke 
particles  to  the  interior  surfaces  of  the  tunnel. 

Figure  27  shows  the  increase  in  temperature  at  2.7  m  (9  ft)  for  an  additional  flow 
of  2.4  dm3/s  (5  cfm)  of  methane.   Figure  28  shows  the  temperature  profiles  for  a  series 
of  flow  rates  at  4.9  m  (16  ft).   The  similiarity  of  the  profiles  is  noteworthy  and  it 
is  of  significance  to  the  model  development  that  increasing  the  total  flow  from  4.7  to 
5.4  dm3/s  (9.9  to  11.5  cfm)  causes  essentially  the  same  increase  in  temperature  as  the 
other  steps  even  though  a  flow  of  4.7  dm3/s  (9.9  cfm)  extended  the  burner  flame  1.8  m 
(6  ft)  past  the  4.9  m  (16  ft)  location  where  the  measurement  was  made.   In  figure  29 
the  vertical  temperature  profile  is  shown  along  the  wall  at  4.3  m  (14  ft)  for  an 
auxiliary  gas  flow  of  2.4  dm3/s  (5  cfm).   The  temperature  of  the  upper  part  of  the 
wall  is  of  the  order  of  315  °C  (600  °F)  which  would  give  rise  to  a  radiation  level  of 
about  0.7  W/cm2  (0.6  Btu/ft2- sec) .   The  distribution  for  the  burner  alone  is  included 
for  comparison. 

The  temperature  distribution  on  the  exposed  and  unexposed  surfaces  along  the 
length  of  the  tunnel  for  an  AMB  specimen  fully  covered  with  the  flame  from  an  auxiliary 
burner  with  2.8  dm3/s  (6  cfm)  of  methane  is  seen  in  figure  30.   The  purpose  of  these 
measurements  was  to  deduce  the  incident  heat  flux  distribution  along  a  specimen  fully 
covered  with  flame. 


22 


4.2.5.   Velocity 

The  velocity  profiles  at  2.7  m  (9  ft)  are  compared  with  the  burner  off,  burner  on, 
and  burner  on  with  2.4  dm3/s  (5  cfm)  of  methane  delivered  by  the  auxiliary  burner  in 
figure  31. 


4.2.6.   Heat  Flux 

The  heat  flux  distribution  along  an  AMB  surface  covered  with  flame  was  deduced  by 
the  same  methods  as  that  used  for  the  burner  flame  alone  in  section  4.1.5.   It  can  be 
seen  in  figure  32  that  these  fluxes  are  considerably  higher  than  for  the  burner  flame 
alone.   In  fact  the  flux  level  at  the  end  of  the  tunnel  has  only  fallen  to  2.7  W/cm2 
(2.4  Btu/ft2- sec) .   This  is  after  a  constant  20-minute  exposure  to  the  flame  from  the 
auxiliary  burner  and  will  contain  some  radiation  from  the  walls  and  floor  which  builds 
up  with  time . 


4.2.7.   Smoke 

No  attempt  was  made  to  measure  the  smoke  density  inside  the  tunnel  but  it  is 
measured  in  the  duct  during  the  regular  tunnel  runs.   It  has  also  been  recorded  on  the 
various  instrumented  tunnel  tests.   Because  smoke  affects  the  heat  transfer  in  the 
tunnel  it  is  an  important  part  of  the  environment.   The  introduction  of  methane  into 
the  auxiliary  burner  has  caused  a  small  but  measurable  amount  of  smoke  production. 
Methane  is  normally  not  a  smoky  flame  but  there  are  two  conditions  existing  that  could 
lead  to  smoke  production.   One  is  a  reduced  oxygen  atmosphere  and  the  other  is  flame 
quenching  against  the  cold  ceiling.   In  the  case  of  combustible  specimens  both  condi- 
tions are  operating.   For  3.1  dm3/s  (6.6  cfm)  of  methane  delivered  to  the  auxiliary 
burner  and  2.3  dm3/s  (4.9  cfm)  to  the  regular  burner,  the  optical  density  produced  in 
the  duct  was  0.14  per  meter.   The  optical  density  is  essentially  zero  with  the  regular 
burner  alone. 


4.3.   Experiments  with  0.92-Meter  (3-ft)  Combustible  Specimens 

4.3.1.   General 

The  next  step  in  the  project  was  to  introduce  combustible  specimens  but  to  confine 
them  to  the  region  of  the  burner  flame  so  that  uniform  exposure  conditions  could  be 
achieved  as  nearly  as  possible.   Their  location  between  0.31  and  1.2  m  (1  and  4  ft) 
beyond  the  burner  ruled  out  any  consideration  of  flame  spread  across  the  surface  since 
the  complete  specimen  would  be  involved  almost  at  once.   Although  the  peak  heat  flux  to 
the  surface  does  not  change  appreciably  when  the  specimen  begins  to  generate  fuel,  the 
rate  of  drop-off  of  this  flux  with  distance  (see  fig.  20)  would  be  decreased  so  that 
there  will  be  some  difference  in  the  exposure  for  different  materials.   Nevertheless, 
in  order  to  have  adequate  sensitivity  a  0.92-m  (3-ft)  specimen  length  was  chosen  and 
the  variation  in  the  exposure  was  ignored  for  the  present  stage  of  the  investigation. 
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The  primary  objective  of  this  part  of  the  project  was  to  determine  the  fuel  genera- 
tion or  heat  release  rates  of  the  materials  due  only  to  their  exposure  to  the  burner 
flame.   This  rate  was  to  be  measured  by  the  oxygen  depletion  in  the  duct  according  to 
equation  (11) .   The  second  objective  was  to  learn  how  the  flame  distance  varied  with 
the  fuel  production  rate  among  the  various  combustible  materials. 

The  predicted  flame  spread  distance  in  the  tunnel  might  then  be  expressed  as  a 
product  of  (1)  the  total  rate  of  fuel  production  from  the  specimen  and  (2)  the  flame 
distance  required  to  consume  the  fuel  produced  at  a  unit  rate. 


4.3.2.   Heat  Release  Rates 

In  order  to  determine  the  heat  release  rate  per  unit  area  equation  (11)  has  to  be 
divided  by  the  area  of  the  specimen  so  that 


q   =   1.44  (0   -  0B)  W/cm2   =   1.27  (0   -   0    )    Btu/ft2 -sec  (12) 

where  q  is  the  heat  release  rate  and  £L  is  the  oxygen  depletion  produced  by  the  burner 
alone.   This  value  of  0R  will  be  about  0.13  but  does  vary  slightly  so  that  it  is  measured 
in  each  series  of  tests  with  an  ACB  specimen.   Table  3  lists  the  heat  release  rates  for 
a  number  of  materials  used  in  the  UL  full-scale  tests  [6] .   The  heat  release  rates  were 
obtained  from  equation  (13)  and  are  compared  with  those  measured  with  the  NBS  heat 
release  rate  calorimeter  at  a  radiant  flux  of  3  W/cm2  (2.6  Btu/ft2 • sec) .   The  materials 
tested  in  this  way  were  broken  up  into  four  groups  for  discussion  purposes.   The  distri- 
bution of  the  materials  among  the  groups  was  based  only  on  the  data  comparisons.   Even 
though  the  incident  heat  flux  varies  across  the  face  of  the  specimen  in  the  tunnel,  the 
agreement  is  quite  good  for  the  materials  in  group  1.   In  group  2  the  values  in  the 
tunnel  were  much  higher.   In  the  calorimeter  only  materials  A  and  B  ignited  and  in 
these  cases  the  flaming  was  probably  limited  to  the  gas  phase  above  the  specimen  and 
hence  contributed  no  heat  feedback  to  the  specimen.   This  speculation  is  based  on 
observations  of  the  burning  of  these  materials  in  a  3  W/cm2  (2.6  Btu/ft  -see)  radiation 
field  outside  of  the  calorimeter.   Unfortunately  the  exposed  surface  of  the  specimens 
is  not  visible  in  the  NBS  heat  release  rate  calorimeter.   In  the  tunnel  all  of  the 
specimens  are  exposed  to  the  burner  flame.   In  group  3  the  values  produced  in  the 
tunnel  were  lower  due  to  the  limited  time  response  of  the  oxygen  measuring  system  which 
may  not  have  been  fast  enough  to  follow  the  short  duration  peaks  of  these  materials. 
The  materials  in  group  4  are  inordinately  high  smoke  producers.   This  smoke  tends  to 
radiate  the  heat  away  rapidly.   This  -may  account  for  these  lower  measured  values  of 
heat  release  rate  in  the  calorimeter.   Some  evidence  for  this  radiation  loss  is  seen  in 
the  temperature  records  for  the  7.0m  (23  ft)  thermocouple  in  the  tunnel  which  indicate 
290  °C  (555  °F)  after  five  minutes  for  an  ACB  specimen  and  only  117  °C  (350  °F)  for  a 
0.92-m  (3-ft)  type  "O"  specimen  even  though  it  produced  a  considerable  amount  of  heat. 
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The  agreement  between  the  heat  release  rates  based  on  oxygen  depletion  for  the 
group  1  materials  with  their  heat  release  rates  measured  directly  in  the  calorimeter 
indicates  the  potential  of  the  oxygen  depletion  in  the  duct  as  a  measure  of  the  fuel 
generation  rate  of  a  specimen  in  the  tunnel. 


4.3.3.   Flame  Distance 

-The  flame  spread  distances  for  0.92  m  (3  ft)  specimens  of  a  number  of  the  materials 
used  in  the  full-scale  tests  at  UL  [6]  are  given  in  table  4  along  with  the  flame  spread 
distances  for  full  size  specimens  of  the  same  materials.   The  similarity  of  the  flame 
distances  for  the  0.92-m  (3- ft)  and  the  7.9-m  (24-ft)  specimens  of  the  low  flame  spread 
materials  is  quite  striking.   It  indicates  that  most  of  the  fuel  which  contributes  to 
the  extension  of  the  flame  for  these  materials  is  generated  in  the  region  exposed 
directly  to  the  burner  flame.   Flame  distance  does  not  depend  on  the  environmental 
conditions  in  the  vicinity  of  the  flame  front  for  low  FSC  materials. 


Table  4.   Flame  Distances  in  the  Tunnel  for 
3-Foot  and  24-Foot  Specimens 


Called 

Flame  Distance  (ft)** 
* 
Material  FSC  3-Foot     24-Foot 


E  18 

W  13 

I  18 

T  18 

G  23 

C  28 

A  22 

S  26 

B  28 

Q  28,59 

R  26 

J  54 

AE  100 

D  925 

O  1735 

H  178 

U  156 

F  2540 


6.5 

8 

7 

7 

7.5 

8 

7.5 

8 

8.5 

9 

8.5 

9 

.5,10.5 

9 

8 

.5,  9.9 

9 

9.5 

9 

10 

9 

9. 

5,10,16 

10 

9.5 

10 

15 

12 

24 

12 

24 

12 

24 

13 

24 

14.5 

24 

15 

24 

* 
See  description  in  table  3. 
** 

1  foot  =  0.30  5  meters 
*** 

Material  is  highly  variable  in  its  flame  distance  in 
the  tunnel. 
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The  0.92-m  (3-ft)  tests  may  be  a  useful  way  to  compare  the  flame  spread  potential 
of  materials,  since  even  the  high  flame  spread  materials  have  flame  extensions  which 
terminate  within  the  tunnel.   Those  materials  which  spread  flame  a  distance  of  over 
3.1  m  (10  ft)  in  the  0.92-m  (3-ft)  test,  spread  flame  over  the  end  of  the  tunnel  in  the 
regular  test  and  hence  are  normally  rated  for  time  of  flame  spread  rather  than  distance. 
The  0.92-m  (3-ft)  specimen  test  would  allow  the  comparison  of  all  materials  on  the  same 
scale.   For  flame  spread  distances  of  less  than  3.1  m  (10  ft)  on  the  0.92-m  (3-ft) 
test,  the  distances  were  only  0.15  m  (0.5  ft)  less  on  the  average  than,  for  the  7.9-m 
(24-ft)  test.   Specimen  Q  is  a  special  case.   Because  of  the  variability  of  this 
material  as  evidenced  by  the  different  flame  spread  distances  in  the  regular  tunnel 
tests  it  was  difficult  to  make  a  comparison. 

It  appears  that  the  flame  spread  in  the  tunnel  can  be  considered  to  be  an  extension 
of  the  burner  flame  due  to  the  total  rate  of  fuel  production  a^ong  the  specimen  up  to 
the  end  of  the  flame  extension.   The  total  rate  of  fuel  production  depends  (1)  on  the 
rate  of  heat  release  of  the  material  as  a  function  of  incident  flux  and  (2)  the  distri- 
bution of  incident  flux  along  the  specimen  up  to  the  end  of  the  flame  extension.   It  is 
necessary  to  know  the  flame  distance,  burner  flame  plus  flame  extension,  required  to 
burn  all  of  the  fuel  from  the  burner  and  the  specimen.   The  burner  flame  is  1.4  m 

(4.5  ft)  long  and  the  flame  extension  is  plotted  as  a  function  of  the  total  fuel  pro- 
duction from  the  specimen  in  figure  33  for  all  of  the  0.92-m  (3-ft)  specimens  tested. 
This  includes  all  of  the  materials  listed  in  table  3.   The  fuel  production  was  determined 
by  multiplying  the  average  heat  release  rates  measured  in  the  tunnel  by  the  specimen 
area  of  0.42  m2  (4.5  ft2).   Also  included  in  the  plot  are  the  values  for  a  red  oak  deck 
where  the  flame  distances  are  those  reported  as  the  flame  progressed  down  the  tunnel 
and  the  fuel  production  rate  was  determined  from  the  oxygen  depletion  in  the  duct  at 
the  time  each  of  these  distances  were  reached.   The  oxygen  depletion  was  converted  to 
fuel  production  by  use  of  equation  (11) .   The  points  for  methane  were  taken  from  figure 
23  where  the  flow  rate  was  converted  to  fuel  production  by  assuming  34  J/cm3 

(912  Btu/ft3)  of  gas. 

While  there  is  an  appreciable  scatter  of  the  points,  they  can  be  represented,  to 
within  +  25  percent  with  some  exceptions  by  the  empirical  equation, 

d  =   (0.61  +  49  Q)  meters  =  (2  +  0.17  Q)  feet  (13) 

where  d  is  the  flame  extension  and  Q  is  the  total  rate  of  heat  production  in  MW  when  SI 
units  are  used  and  Btu/sec  when  engineering  units  are  employed. 

There  is  no  reason  at  the  outset  to  assume  that  all  of  the  materials  would  fall  on 
a  single  curve.   When  the  properties  of  the  individual  materials  are  properly  taken 
into  account,  the  relationship  between  the  flame  extension  and  the  heat  release  rate 
should  be  considerably  improved.   Nevertheless  equation  (13)  may  still  be  adequate  for 
the  preliminary  stage  of  the  model  development. 

The  most  significant  deviation  from  the  curve  is  exhibited  by  the  F.R.  Polyurethane 
"O"  which  has  an  FSC  1735.   There  are  several  possible  explanations.   It  produces  a 
very  large  soot  deposition  in  the  tunnel  which  can  obscure  the  maximum  flame  spread 
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distance  or  may  oxidize  on  the  surface  by  non  flaming  combustion  to  produce  additional 
heat  without  an  increase  in  flame  length.   The  copious  rate  of  volatile  production  may 
reduce  the  oxygen  concentration  in  the  duct  by  dilution  and  thus  result  in  a  false 
contribution  to  the  estimated  heat  release.   It  is  noted  that  if  the  heat  release  rate 
of  12  W/cm2  (11  Btu/ft2*sec)  observed  with  the  NBS  heat  release  rate  calorimeter  were 
correct,  the  total  heat  release  rate  would  be  50  kW  (47  Btu/sec)  and  the  point  would  be 
within  the  25%  range  for  the  curve. 

An  interesting  feature  of  equation  (11)  is  that  the  flame  extension  reaches  0.6  m 
(2  ft)  beyond  the  normal  burner  flame  as  soon  as  a  significant  amount  of  fuel  is 
produced.   This  would  appear  to  set  an  FSC  of  10  as  essentially  the  lower  limit  of  the 
flame  classification  range.   This  phenomenon  takes  place  because  although  the  desig- 
nated flame  distance  for  the  burner  is  4.1  m  (4.5  ft),  based  on  the  presence  of  the 
flame  about  50%  of  the  time,  pulsating  flamelets  do  occur  as  far  as  2.0  m  (6.5  ft). 
A  very  small  amount  of  specimen  fuel  added  to  the  burner  fuel  is  required  to  bring  the 
called  distance  out  to  2.0  m  (6.5  ft)  resulting  in  the  minimum  flame  extension  of  0.61  m 
(2  ft)  observed  in  figure  33.   It  should  be  pointed  out,  however,  that  values  of  the 
FSC  between  0  and  10  have  been  reported  in  special  cases. 

It  would  be  convenient  to  replace  the  visual  observations  of  the  flame  distance  in 
the  tunnel  by  a  thermocouple  measurement.   This  would  be  a  viable  alternative  if  the 
gas  temperature  in  the  neighborhood  of  the  maximum  flame  distance  were  a  fixed  quantity. 
Figure  34  shows  the  measured  air  temperature  25  mm  (1  in)  below  the  ACB  at  the  called 
flame  distance  for  all  of  the  materials  which  were  exposed  in  0.92-m  (3-ft)  lengths. 
The  figure  illustrates  the  fall-off  of  this  temperature  with  distance  and  with  different 
classes  of  materials.   However,  it  does  portray  an  interesting  distinction  between  the 
behavior  of  the  cellulosic  and  the  plastic  materials  that  might  be  useful  to  examine 
later.   The  higher  rate  of  fall-off  with  distance  may  be  related  to  radiation  losses 
due  to  their  high  smoke  concentration.   Due  to  differences  in  thermal  conductivity 
between  the  test  material  and  ACB,  the  temperatures  would  be  somewhat  different  for 
full  length  specimens  even  when  the  flame  distances  are  the  same. 


4.4.   Combustible  Specimens  of  Standard  Length 

4.4.1.   General 

The  full  length  specimens  actually  tested  on  this  project  were  limited  to  red  oak, 
a  high  flame  spread  foam  plastic  ("O"),  and  two  low  flame  spread  foam  plastics  ("A"  and 
"B").   However,  non-instrumented  tunnel  runs  were  made  on  all  of  the  materials  used  in 
the  UL  full-scale  test  series  [6].   All  of  the  normal  data,  which  included  distance 
versus  time,  temperature  at  7.0  m  (23  ft),  and  smoke  transmission  in  the  duct,  taken  on 
that  program  were  available  to  this  project. 
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4.4.2.   Flame  Distance 

Figure  35  shows  the  flame  spread  distance  versus  time  for  7.9-m  (24-ft)  specimens 
of  some  representative  materials:   Oak  ("AE"),  treated  plywood  ("G"),  a  high  FSC  foam 
plastic  ("0"),  and  a  low  flame  spread  foam  plastic  ("A").   These  data  were  taken  during 
regular  uninstrumented  tunnel  tests.   Althbugh  material  A  has  a  low  FSC  because  of  its 
short  flame  distance,  it  reaches  this  distance  in  a  very  short  time.   If  this  time  or 
the  initial  slope  were  reported  as  well  as  the  FSC  there  should  be  less  misunderstanding 
about  the  short  buildup  time  of  this  material  in  a  room  fire.   The  extent  of  this 
buildup  would  depend  on  the  size  of  the  ignition  source  in  the  room. 

The  question  sometimes  arises  as  to  whether  the  flame  is  attached  to  the  surface 
or  simply  burning  in  the  upper  volume  of  the  tunnel.   For  many  materials,  including  the 
treated  cellulosics,  the  separation  of  the  flame  from  the  surface  is  clearly  seen. 
However,  thei;e  is  some  tendency  to  think  of  the  flame  spreading  along  untreated  wood 
products  as  being  attached.   In  order  to  shed  some  light  on  this  question,  0.25  mm 
(10  mil)  alumel  chromel  thermocouples  were  attached  to  the  surface  of  a  red  oak  deck  at 
0.61-m  (2-ft)  intervals  along  its  length.   The  times  at  which  the  temperature  reached 
350  °C  (660  °F) ,  taken  to  be  the  temperature  at  which  pyrolysis  becomes  rapid  enough  to 
support  flaming,  at  each  of  the  thermocouples  is  plotted  in  figure  36.   This  provides  a 
distance  versus  time  curve  for  the  advancing  pyrolysis  front  which  is  compared  with  the 
observed  flame  distance  versus  time  curve.   It  can  be  seen  that  the  flame  leads  the 
region  of  fuel  production  by  an  average  distance  of  1.5m  (5  ft) ,  and  thus  is  not 
attached  to  the  surface  in  the  region  where  its  distance  is  measured. 


4.4.3.   Temperature 

Figure  37  shows  the  temperature  versus  time  recorded  by  the  fuel  contribution 
thermocouple  at  7.0  m  (23  ft)  during  regular  tunnel  runs.   Note  that  the  treated  plywood 
("G")  results  in  a  higher  temperature  than  that  of  ACB  while  the  foam  plastic  ("B")  has 
a  slightly  lower  temperature.   The  high  FSC  foam  ("0")  has  an  even  lower  temperature  at 
10  minutes.   This  apparent  anomaly  may  be  due  to  the  increase  in  radiation  losses  of 
the  smoke  laden  air  when  the  plastic  specimen  is  present.   Note  that  the  peak  tempera- 
ture of  the  type  "0"  foam  plastic  occurred  in  two  minutes  while  the  flame  spread  over 
the  end  of  the  tunnel  in  19  seconds. 

In  figure  38  the  temperature  distribution  along  the  wall  and  floor  at  4.3  m  (14  ft), 
is  shown  at  two  minutes  for  a  full  length  type  B  specimen.   The  maximum  flame  spread 
distance  was  3.1  m  (10  ft).   Note  that  a  204  °C  (400  °F)  surface  radiates  about  0.3  W/cm2 
(0.26  Btu/ft2-sec) . 

The  air  temperature  profiles  are  compared  at  2.7  and  4.9  m  (9  and  16  ft)  for  full 
length  specimens  of  B  and  ACB  in  figures  39  and  40.   The  flame  distance  was  3.2  m 
(10.5  ft)  for  B. 
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4^4.4,   Oxygen  Concentration 

The  oxygen  concentration  at  floor  level  in  the  tunnel  at  3.1  and  5.5m  (10  and  18 
ft)  for  a  low  FSC  foam  plastic  is  shown  in  figure  41.   The  depletion  is  quite  small 
particularly  at  3.1  m  (10  ft)  where  it  is  less  than  three  percent.   Since  the  maximum 
flame  spread  distance  was  2.9  m  (9.5  ft),  the  oxygen  depletion  is  not  seen  to  be  a 
limiting  factor.   Figure  42  shows  the  oxygen  concentration  at  the  ceiling  and  floor 
locations  for  the  same  material  at  6.7  m  (22  ft)  in  the  tunnel.  The  oxygen  depletion 
of  nine  percent  at  the  floor  level  was  similar  to  that  at  5.5  m  (18  ft).   Just  under 
the  specimen  it  was  up  to  31  percent.   The  oxygen  depletion  ahead  of  the  flame  traveling 
up  a  wall  or  across  a  ceiling  in  a  room  would  also  be  expected  to  be  high. 

Figure  43  shows  the  oxygen  concentration  in  the  duct  for  a  red  oak  deck.   This 
deck  which  had  been  constructed  for  an  earlier  test  flamed  over  in  3.6  minutes.   The 
high  FSC  was  attributed  to  a  loosening  up  of  the  deck  due  to  drying  during  the  three- 
week  delay.   The  flameover  time  is  indicated  on  the  chart.   There  was  a  depletion  of  25 
percent  at  the  time  of  flameover. 

The  depletions  at  the  floor  of  the  tunnel  at  3.1  and  5.5  m  (10  and  18  ft)  for  the 
oak  are  shown  in  figure  44.   Even  at  5.5  m  (18  ft)  the  depletion  on  the  floor  is  only 
eight  percent.-  On  the  ceiling  at  6.7  m  (22  ft)  the  depletion  reaches  69  percent  at  the 
time  of  flameover  as  seen  in  figure  45  and  becomes  nearly  complete  by  the  end  of  the 
l0"-minute  test. 

Even  on  the  floor  of  the  tunnel  the  oxygen  depletion  becomes  essentially  complete 
in  the  case  of  the  1735  FSC  foam  plastic  as  seen  in  figure  46.  At  the  time  of  flame- 
over the  depletion  at  5.5  m  (18  ft)  was  26  percent  on  the  floor.   While  this  oxygen 
depletion  is  high,  it  does  not  prevent  the  flame  from  spreading  over  the  end  of  the 
tunnel  in  19  seconds. 


4.4.5.   Air  Velocity 

The  output  voltage  of  the  thermoanemometer  at  the  entrance  slit  is  shown  in  figure 
47  for  a  full  length  type  "0"  specimen  (F.R.  Polyurethane  with  FSC  1735).  After  the 
initial  drop  and  recovery  characteristic  of  a  non-combustible  specimen,  there  was  a 
measurable  drop  of  25  percent  in  the  velocity  by  the  end  of  the  test.   This  is  taken  to 
be  the  approximate  drop  in  the  volumetric  rate  of  air  inflow  to  the  tunnel.   It  will 
not  be  exactly  that  since  there  could  be  some  change  in  the  velocity  distribution 
across  the  slit  or  in  the  contraction  factor  at  the  location  of  the  probe.   There  was  a 
12  percent  reduction  by  the  time  of  flameover.   The  data  curves  for  the  full  length  oak 
and  type  B  (F.R.  Polyurethane  with  FSC  28)  specimens  did  not  show  a  measurable  drop  in 
the  inlet  velocity.   Because  of  the  low  time  resolution  the  velocity  distribution  was 
not  measured  in  the  tunnel  for  the  combustible  specimens. 
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4.4.6.   Burning  Rate 

The  average  rate  of  weight  loss  per  unit  area  as  a  function  of  distance  along  the 
type  B  specimen  was  determined  by  cutting  it  up  into  sections  of  0.31  m  (1  ft)  or  less 
in  length  after  the  test.   The  residual  weight  was  subtracted  from  the  original  weight 
which  was  calculated  from  the  average  density  of  the  specimen  determined  before  the 
test.   This  difference  was  divided  by  the  five-minute  exposure  time  during  the  test  and 
the  exposed  area  of  the  specimen.   The  results  are  plotted  in  figure  48.   This  curve 
shows  the  origin  of  the  fuel  in  relation  to  the  area  exposed  by  the  burner  and  the 
reported  flame  spread  distance  which  was  3.1  m  (10  ft)  in  this  particular  test.   There 
is  an  abrupt  change  in  the  average  fuel  production  rate  at  th.e  called  flame  distance  as 
one  would  expect.   In  order  to  demonstrate  that  the  flame  did  not  stop  in  the  tunnel 
due  to  burn  through  of  the  specimen,  the  minimum  thickness  of  decomposed  material  was 
measured  at  each  distance.   These  thicknesses  were  subtracted  from  the  original  5-cm 
(2-in)  thickness  of  the  specimen  and  are  plotted  in  figure  49  to  show  the  distribution 
of  the  depth  of  the  decomposed  material  with  distance  in  the  tunnel. 


4.4.7.   Smoke 

The  optical  transmission  in  the  duct  for  a  full  length  type  B  (F.R.  Polyurethane 
with  FSC  28)  specimen  dropped  almost  to  zero  immediately  upon  ignition  and  then  began 
to  rise  fairly  rapidly  to  a  plateau  at  60  percent.  After  three  minutes  it  rose  again 
to  87  percent.  These  two  transmissions  are  equivalent  to  optical  densities  per  meter 
of  0.54  and  0.15.  These  calculations  are  based  on  an  optical  path  length  of  0.41  m 
(16  in) .  The  initially  high  optical  density  could  not  be  determined  because  the  light 
transmission  had  been  recorded  on  a  linear  instead  of  a  log  scale. 


4.5.   Effect  of  Air  Velocity  on  Flame  Spread  in  the  Tunnel 

Table  5  shows  the  effect  of  velocity  on  the  flame  spread  distances  observed  in  the 
tunnel  for  three  low  flame  spread  foam  plastics  over  a  range  of  0.5  to  1.6  m/s  (95  to 
312  ft/min) .   This  experiment  was  run  as  part  of  the  UL  full-scale  test  program  [6] . 
Going  up  or  down  in  air  velocity  did  not  result  in  over  a  0.31-m  (1-ft)  difference  in 
flame  spread  distance  and  there  was  no  established  trend  toward  an  increase  or  decrease 
in  this  distance.   The  independence  of  the  distance  on  the  air  supply  rate  indicates 
that  oxygen  depletion  was  not  a  limiting  factor  in  the  maximum  flame  spread  distance 
of  these  materials. 


4.6.   Effect  of  Ceiling-Wall  Mounting  of  Specimens  in  the  Tunnel 

It  is  readily  observed  in  corner  tests  [6]  that  the  flame  usually  spreads  further 
and  more  rapidly  along  the  intersection  between  the  wall  and  ceiling  than  it  does  over 
the  regions  of  the  ceiling  surface  remote  from  a  boundary.   This  corner  effect  may  be 
due  in  part  to  radiation  trapping  and  in  part  to  the  concentration  of  the  fuel  gener- 
ated there.   In  any  case  this  effect,  which  is  important  in  the  room  fire  buildup 
process,  is  demonstrated  in  the  tunnel,  as  seen  in  table  6.   When  the  back  wall, 
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Table  5.   Flame  Distance  in  the  Tunnel  Versus 

Air  Velocity  for  Three  Low  FSC  Foam  Plastics 

* 

Material  Velocity  Distance** 

(ft/s)  (ft) 

A  95  9.0 

A  177  8.5 

A  240  8.5 

A  240  9.0 

A  240  9,0 

A  312  7.5 

B  95  10.0 

B  177  9.0 

B  240  9.5 

B  240  9.5 

B  312  9.0 

C  95  8.5 

C  177  9.0 

C  240  9.5 

C  240  10.5 

C  312  9.5 

* 
See  description  in  table  3,  page  25. 
** 

1  foot   =  0.305  meters 


opposite  the  window,  as  well  as  the  ceiling  was  lined  with  the  specimen  material  the 
spread  distances  were  generally  increased  and  the  flameover  times  decreased.   In  the 
most  dramatic  case  the  plastic  foam  labeled  "S"  (F.R.  Polyisocyanurate  with  FSC  26)  had 
a  flame  distance  of  2.9  m  (9.5  ft)  in  the  standard  test,  qualifying  it  for  an  FSC  25, 
but  flamed  over  the  end  in  20  seconds  in  the  ceiling-wall  configuration.   These  tests 
were  not  instrumented  and  were  not  performed  as  a  part  of  this  project,  but  as  part  of 
the  UL  full-scale  test  program  referred  to  earlier.   However,  because  of  their  import- 
ance to  the  considerations  of  this  investigation  the  results  are  reported  here. 

Tentatively  it  appears  that  the  flame  spread  properties  of  a  material  in  a  room 
away  from  an  intersection  of  two  walls  or  a  wall  and  the  ceiling  may  be  characterized 
by  the  data  obtained  during  a  standard  tunnel  test  but  not  necessarily  by  its  FSC 
rating.   If  the  fire  buildup  in  a  room  is  strongly  influenced  by  the  enhanced  flame 
spread  in  the  neighborhood  of  an  intersection  then  perhaps  the  ceiling-wall  configu- 
ration should  be  included  along  with'  the  ceiling  only  mounting  in  the  tunnel  tests. 

The  results  in  table  6  constitute  another  argument  against  the  concept  of  oxygen 
starvation  as  a  controlling  factor  in  the  flame  spread  distance  in  the  tunnel,  since 
increasing  the  amount  of  material  increases  the  distance  of  spread. 
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Table  6. 


Effect  of  Ceiling-Wall  Mounting  on  Distance 
and  Time  in  the  Tunnel 


Code 


Standard 
FSC 


Material 
Identification 


Distance 
(ft)* 


Flameover  Time 
(s)** 


Standard 


Corner 


Standard- 


Corner 


T         18      ,  F.R.  treated  wood  parti- 
cle board 

I         18       F.R.  treated  wood  fiber 
board 

A         22       F.R.  Polyisocyanurate 

G         2  3       Treated  plywood 

R         26       Foil  faced  F.R.  Polyiso- 
cyanurate 

S  26  F.R.  Polyisocyanurate 

B  28  F.R.  Polyurethane 

C  28  F.R.  Polyurethane 

J  54  Untreated  wood  fiber 

AE  100  Red  Oak  flooring 

U        156       Untreated  wood  particle 
board 

H        178       Prefinished  luan  plywood 

D        925       F.R.  Polyurethane 


17 


8.5,9,9 

11 

9 

over 

9.5 

9.5 

9.5 

over 

10 

over 

9.5,10.5 

over 

15 

over 

over 

over 

over 

over 

over 

over 

over 

over 

330 
212 

185 
44 


350 


20 
100 
226 
175 
166 
133 

100 
69 


1  foot   =   0.305  meters 

Time  at  which  the  flame  passes  the  end  of  the  tunnel 


5 .   SUMMARY 

The  present  report  describes  the  heat  flux,  oxygen  concentration,  temperature, 
velocity,  and  pressure  measurements  made  in  a  series  of  instrumented  tunnel  tests.   The 
two  most  important  considerations  regarding  the  environment  in  the  tunnel  are  the  heat 
transfer  to  the  specimen  surface  and  the  availability  of  oxygen.   The  temperature  and 
velocity  profiles  and  the  smoke  density  provide  insight  into  the  convective  and 
radiative  heat  transfer  mechanisms.   Pressure  measurements  relate  to  the  air  velocity 
and  its  variation  during  the  test. 

The  pressure  distribution  along  the  length  of  the  tunnel  indicated  that  most  of 
the  pressure  drop  takes  place  in  the  region  of  the  entrance  slit.   Thus,  the  change  in 
flow  resistance  in  the  hot  region  of  the  tunnel  during  the  test  has  only  a  mild  effect 
on  the  mass  inflow  velocity.   The  actual  magnitude  of  the  velocity  change  during  a  test 
is,  however,  dependent  on  the  relative  elevation  and  distance  of  the  pressure  taps  in 
the  exhaust  duct  beyond  the  tunnel,  which  varies  from  one  tunnel  installation  to  another. 
This  variation  is  probably  responsible  for  some  of  the  differences  in  smoke  data  on  the 
same  material  measured  in  various  tunnels.   The  largest  drop  in  the  inflow  velocity 
observed  during  these  tests  was  25%  for  a  FSC  1735  polyurethane  foam.   There  was  a  12% 
reduction  by  the  time  that  the  flame  spread  over  the  end  of  the  tunnel. 
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The  heat  transfer  to  the  exposed  surface  of  the  specimen  in  the  tunnel  was  meas- 
ured with  the  following:   (1)  heat  flux  meters,  (2)  deduced  from  the  temperature  dis- 
tributions along  the  length  of  the  exposed  and  unexposed  surfaces  of  an  asbestos  mill- 
board specimen,  and  (3)  deduced  from  the  temperature  and  velocity  profiles  at  various 
locations  in  the  tunnel.   The  maximum  observed  heat  flux  from  the  burner  was  6.3  W/cm2 
(5.5  Btu/ft2,sec)  measured  with  a  water-cooled  flux  meter  flush  with  the  surface  of  an 
asbestos-cement  board  specimen  and  0 . 61  m  (2  ft)  downstream  of  the  burner.   This  flux 
was  continually  increasing  during  the  whole  ten-minute  test  period.   Heat  fluxes  of  6.0 
to  8.4  W/cm2  were  observed  in  the  U.L.  corner  tests  at  the  time  the  ceiling  became 
fully  involved  [6].   The  heat  flux  falls  off  rapidly  in  the  tunnel  with  distance. 
Where  differences  in  the  performance  of  materials  in  the  tunnel  and  in  the  room  are 
observed  it  is  reasonable  to  attribute  it  in  part  to  the  different  incident  heat  flux 
distributions.   More  data  are  needed  on  the  incident  fluxes  in  a  room  fire  to  make 
quantitative  comparisons.   The  heat  flux  distributions  in  the  room  will  depend  on  the 
size  of  the  flame  from  the  ignition  source  and  also  on  the  room  geometry.   Thus,  one 
cannot  say  in  general  whether  the  tunnel  represents  too  mild  or  too  severe  an  exposure. 
The  total  incident  heat  flux  deduced  from  the  temperature  rise  of  an  AMB  specimen  at 
0.61  m  (2  ft)  was  4.2  W/cm2  (3.7  Btu/ft2 -sec) .   The  incident  heat  flux  distribution  is 
a  strong  function  of  distance,  falling  to  roughly  half  of  its  maximum  value  at  the  end 
of  the  flame,  and  will  vary  significantly  with  the  thermal  conductivity  of  the  specimen. 
The  difference  in  the  incident  heat  flux  levels  deduced  from  the  temperatures  measured 
on  the  AMB  and  that  measured  by  the  water-cooled  heat  flux  meter  are  qualitatively 
accounted  for  by  the  difference  in  surface  temperatures  between  the  flux  meter  and  the 
specimen.   Radiation  losses  from  the  smoke-laden  gases  were  evidenced  by  the  reduction 
in  temperature  at  the  fuel  contribution  thermocouple  and  by  the  increased  heat  flux 
measured  on  the  floor  of  the  tunnel  for  materials  yielding  high  smoke  densities. 

Even  in  the  absence  of  radiation  from  the  smoke  particles  the  rate  of  heat  absorp- 
tion in  the  specimen  and  in  the  walls  and  floor  of  the  tunnel  are  as  much  as  60%  of  the 
rate  of  heat  production.   These  high  heat  transfer  rates  which  depend  strongly  on  the 
thermal  properties,  flame  spread  properties,  and  the  smoking  tendency  of  the  specimen, 
make  the  temperature  registered  by  the  fuel  contribution  thermocouple  at  the  end  of  the 
tunnel  a  poor  measure  of  the  heat  release. 

The  reduction  in  the  oxygen  concentration  does  not  appear  to  be  a  factor  in 
limiting  the  flame  distance  in  the  tunnel  for  the  materials  examined  on  this  project 
based  on  the  following  evidence: 

(1)  The  flame  distance  was  not  a  marked  function  of  the  inlet  air 
velocity  over  a  range  of  0.5  to  1.6  m/s  (95  to  312  ft/min)  for  the 
three  foam  plastics  tested. 

(2)  The  oxygen  concentration  on  the  floor  of  the  tunnel  at  3.1  m  (10  ft), 
which  was  at  the  called  flame  distance  for  the  FSC  28  F.R.  Polyurethane 
foam  being  tested,  was  only  reduced  to  20.3  percent.   It  was  reduced  to 
19.3  percent  at  the  same  location  "at  the  time  of  flameover  for  a  foam 
plastic  with  an  FSC  of  1735  which  flamed  over  the  end  of  the  tunnel  in 
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19  seconds.   A  red  oak  specimen  which  flamed  over  the  end  of  the  tunnel 

in  3.6  minutes  had  an  intermediate  value  of  19.7  percent  at  the  same 

place  at  the  time  of  flameover.   A  high  oxygen  concentration  of  oxygen 

in  the  air  away  from  the  flames  in  a  well  ventilated  room  fire.   (The 

t 
short  flameover  time  for  the  red  oak  was  attributed  to  a  loosening  of  the 

joints  in  the  specimen  which  had  been  stored  for  three  weeks.) 

(3)  The  fact  that  the  flame  spread  distances  for  low  FSC  materials  were 
nearly  the  same  for  7.9-m  (24-ft)  and  0.92-m  (3-ft)  specimens,  even 
though  the  leading  edge  of  the  flame  was  adjacent  to  an  ACB  surface  in 
the  latter  case,  indicated  that  local  conditions  near  the  flame  front 
were  not  controlling  factors  in  the  extent  of  the  spread.   (It  is 
clear  that  the  flame  spread  distance  recorded  in  the  tunnel  is  a  flame 
extension  rather  than  a  surface  flame  spread.) 

(4)  Increasing  the  exposed  area  of  the  material  as  was  done  in  the  ceiling- 
wall  mounting  tests  led  to  increased  flame  spread  distances. 

The  oxygen  depletion  measured  in  the  exhaust  duct  was  proportional  to  the  heat 
release  rates  of  the  specimens.   The  flame  spread  distance  is  roughly  proportional 
to  the  total  rate  of  heat  production  in  the  tunnel.   The  flame  spread  distance,  for 
those  materials  whose  flames  terminate  within  the  tunnel,  can  be  considered  to  be 
an  extension  of  the  burner  flame  due  to  the  fuel  generated  by  the  specimen  primarily 
in  the  region  of  the  burner  flame.   Thus  an  FSC  25  material  which  spreads  flames 
from  1.4  m  (4.5  ft)  to  2.9^m  (9.5  ft)  exhibited  essentially  the  same  flame  spread 
distance  when  the  specimen  material  was  limited  to  the  region  between  0.3  and  1.2  m  (1 
and  4  feet) . 

The  flame  extends  beyond  the  pyrolyzing  region  for  those  materials  that  spread 
flame  over  the  end  of  the  tunnel .   The  maximum  flame  spread  distance  led  the  forward 
extent  of  the  pyrolysis  region  by  about  5  feet  over  the  whole  length  of  the  tunnel  for 
red  oak.   The  fuel  required  for  flame  propagation  comes  from  the  region  already  covered 
by  flame,  not  the  region  ahead  of  it. 

The  data  presented  in  this  report  are  taken  from  a  wide  variety  of  tests  rather 
than  from  repeated  experiments  aimed  at  statistical  accuracy.   However,  there  is  no 
reason  to  suggest  that  repeated  experiments  would  lead  to  greatly  different  results. 
The  intention  was  to  provide  a  large  scope  of  information  which  must  be  taken  into 
account  in  constructing  an  analytical  model  of  the  Steiner  tunnel  and  to  make  suggest- 
ions that  might  be  considered  in  improving  the  usefulness  of  the  E  84  tunnel  test. 
When  particular  areas  have  been  identified  for  critically  testing  the  theory  against 
experiment,  some  measurements  similar  to  some  of  those  described  in  this  report  will 
need  to  be  run  more  carefully  and  be  repeated  several  times. 
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6 .   RECOMMENDATIONS 

The  following  recommendations  are  presented  for  consideration  as  a  result  of  the 
research  described  in  this  report. 

1.  The  oxygen  depletion  in  the  duct  beyond  the  tunnel  could  provide  an 
approximate  measure  of  the  rate  of  heat  production  by  the  specimen. 

It  is  suggested  that  an  oxygen  analyser  could  be  included  in  the  standard 
tunnel  test.   This  measurement  is  not  affected  by  the  heat  losses  in  the 
tunnel,  as  is  the  temperature  recorded  by  the  fuel  contribution  thermo- 
couple.  However,  the  mass  flow  rate  into  the  tunnel  must  be  constant  or 
known.   A  knowledge  of  the  fuel  contribution  is  important  for  research  as 
well  as  regulation.   This  is  not  offered  as  a  substitute  for  the  heat 
release  rate  calorimeter  which  measures  the  heat  release  rate  under  well- 
defined  and  controlled  conditions.   However,  it  would  be  a  considerable 
improvement  over  the  present  fuel  contribution  measurement  in  the  tunnel. 

2.  The  value  of  the  smoke  measurement  in  the  tunnel  could  be  vastly  improved 
simply  by  recording  the  optical  density  rather  than  the  absorptivity  of 
the  smoke.   The  optical  density  of  the  smoke  generated  in  the  tunnel  could 
be  compared  directly  with  the  optical  density  of  the  smoke  emerging  from  a 
room.   It  would  have  the  advantage  of  measuring  the  optical  density  of  a 
dynamic  rather  than  a  static  system  as  is  measured  in  the  smoke  density 
chamber.   However,  it  might  be  necessary  to  measure  the  smoke  closer  to 
the  end  of  the  tunnel  to  avoid  losses  due  to  deposition.   Again  this  modi- 
fication is  not  suggested  as  an  alternative  to  the  smoke  density  chamber  in 
which  the  exposure  conditions  are  controlled.   It  is  offered  as  an  improve- 
ment over  the  present  system  and  does  offer  a  more  realistic  range  of 
exposures  than  the  smoke  density  chamber.   While  the  present  project  was 
primarily  concerned  with  flame  spread,  a  knowledge  of  the  optical  density 
of  the  smoke  in  the  tunnel  is  an  essential  ingredient  in  accounting  for 
radiation  heat  losses.   These  losses  affect  the  heat  transfer  to  the  speci- 
men and  thus  its  flame  spread. 

3.  In  principle,  shifting  the  airflow  control  from  the  pressure  drop  at  the 
exhaust  duct  to  the  inlet  air  velocity  as  measured  with  an  anemometer  at 
the  entrance  slit  would  ensure  a  constant  mass  flow  rate  of  air  through 
the  tunnel  during  a  test.   The  extent  of  its  present  variation  through  a 
test  depends  on  the  temperature  increase  of  the  exhaust  gases  as  well  as 

on  the  construction  features  of  the  tunnel  particularly  the  relative  height 
of  the  tunnel  and  the  pressure  tap,  the  distance-  of  the  tap  from  the  tunnel, 
and  the  height  of  the  entrance  slit.   While  the  indications  are  that  the  air 
velocity  has  only  a  minor  effect  on  the  maximum  flame  spread  distance  it  is 
a  significant  factor  in  the  smoke  measurement. 
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Any  control  system  for  inlet  air  velocity  must  be  suitably  damped  to  avoid 
oscillations  of  the  control  mechanism  due  to  turbulent  fluctuations  in  the 
incoming  air. 

It  has  been  suggested  by  W.J.  Christian  [14]  that  the  constant  mass-  flow 
could  be  achieved  by  moving  the  pressure  tap  upstream  of  the  burner  where 
only  ambient  temperature  air  is  involved.   Since  most  of  the  pressure  is 
dropped  across  the  entrance  region  of  the  tunnel  as  seen  in  figure  17  this 
seems  to  be  an  attractive  alternative  to  the  location  of  a  velocity  probe 
at  the  entrance  slit.   (This  method  has  been  adopted  in  ASTM  E  84-76a.) 

Although  it  appears  to  be  the  general  practice  at  the  time  of  this  research 
to  measure  the  air  velocity  of  1.2  m/s  (240  ft/min)  at  an  air  temperature 
of  41  °C  (105  °F)  at  the  end  of  the  tunnel,  this  should  be  so  written  in 
the  standard  to  provide  consistancy  between  operaters .   However,  because 
of  temperature  gradients  in  the  tunnel  at  elevated  temperature,  it  would 
be  better  to  specify  that  the  velocity  be  measured  at  ambient  temperature. 
A  velocity  of  1.2  m/s  (240  ft/min)  at  20  °C  (68  °F)  represents  a  seven 
percent  greater  mass  flow  rate  than  1.2  m/s  (240  ft/min)  at  41  °C  (105  °F) . 

The  new  method  of  measuring  the  FSC  (ASTM  E  84-76a)  is  based  on  the  area 
under  the  distance  versus  time  curve.   In  order  to  evaluate  the  potential 
for  rapid  fire  buildup  in  low  density  materials,  the  time  to  ignition  and 
the  initial  slope  of  the  distance  versus  time  curve  should  be  quoted  along 
with  the  new  FSC.   In  order  to  show  the  potential  for  maximum  extent  of 
fire  buildup,  the  maximum  value  of  the  flame  spread  distance  should  also 
be  quoted.   Neither  flame  spread  distance  nor  flame  spread  rate  can  be 
determined  from  the  new  FSC  index. 

Observation  of  the  maximum  flame  spread  distances  for  0.92-m  (3-ft)  specimens 
might  be  an  auxiliary  use  of  the  tunnel.   It  appears  that  for  materials  with 
FSC  25  or  less,  the  measured  flame  spread  classification  would  be  the  same 
for  a  0.92-m  (3-ft)  specimen  as  for  a  7.9-m  (24-ft)  specimen;   Much  less 
material  would  be  needed  for  a  test.   Furthermore,  0.92-m  (3-ft)  specimens 
of  the  high  FSC  materials  tested  on  this  project  have  flames  which  terminate 
within  the  tunnel,  thus  providing  a  basis  for  comparing  all  of  the  materials 
on  a  flame  distance  scale.   This  cannot  be  achieved  with  7.9-m  (24-ft) 
specimens.   The  flame  distances  in  the  tunnel  may  relate  to  the  maximum  fire 
buildup  area  in  a  room  for  a  small  ignition  source.   It  should  be  noted, 
however,  that  the  maximum  fire  buildup  area  in  a  room  also  depends  on  the 
size  of  the  ignition  source  so  that  a  material  with  a  FSC  2  5  might  produce 
flameover  or  flashover  in  a  room  if  the  ignition  source  is  of  sufficient 
size.   In  fact,  the  flame  travel  distances  for  0.92  m  specimens  might  rank 
materials  with  regard  to  the  size  of  ignition  source  needed  for  flashover. 
The  shorter  the  distance,  the  larger  the  ignition  source  required. 
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7.  While  the  flame  spread  distances  could  be  compared  using  0.92-m  (3-ft) 
specimens  as  discussed  in  the  last  paragraph,  the  flame  spread  times  could 
be  compared  by  recording  the  times  at  which  the  flame  passed  the  end  of  the 
2.4-m  (8-ft)  specimens  of  all  of  these  materials.   While  there  may  be  an 
economy  to  using  2.4-m  (8-ft)  specimens,  the  2.4-m  (8-ft)  mark  along  the 
7.9-m  (24-ft)  specimens  used  for  the  FSC  determination  would  do  as  well. 
These  spread  times  would  be  indicative  of  the  speed  of  fire  buildup  in  a 
room.   Flames  will  spread  past  2.4  m  (8  ft)  for  all  materials  with  FSC 
greater  than  18. 

8.  Measurements  made  with  the  ceiling-wall  mounting  could  augment  the  standard 
tunnel  tests  by  indicating  the  flame  spread  potential  of  the  material  in  the 
neighborhood  of  the  intersection  between  the  walls  or  between  a  wall  and  the 
ceiling.   It  is  possible  that  the  extent  of  the  flame  spread  under  the 
enhanced  incident  flux  conditions  in  these  areas  could  make  the  material 
more  hazardous  with  respect  to  flame  spread  than  the  standard  tunnel  test 
would  indicate. 
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Figure   3.      Time-Temperature  Curve   for  the  Fuel  Contribution 
Thermocouple   for  an  ACB   Specimen 
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Figure  5.   Temperatures  on  Rear  Wall  and  on  Floor 
at  14  Feet  for  an  ACB  Specimen 
at  4  minutes    (1  foot  =  0.305  meters) 
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Figure  8 .   Chart  Record  of  the  Oxygen  Concen- 
tration in  the  Duct  22  ft  Downstream 
from  the  End  of  the  Tunnel  for  an 
ACB  Specimen 


2  3 

TIME  (Minutes) 


DISTANCE  (m) 
4 
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an  ACB  Specimen  at  5  minutes 
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Figure  10.   Vertical  Oxygen  Concentration  Profile 
at  Nine  Feet  with  ACB  at  5  minutes 
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Figure  13.   Vertical  Velocity  Profile  Through  the  Centerline 

at  Nine  Feet  with  the  Burner  Off   (1  foot  =  0.305  meters) 
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Figure  14.   Vertical  Velocity  Profile  through  the  Centerline 
at  Nine  Feet  with  the  Burner  On  for  4  Minutes 
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Figure  15.   Vertical  Velocity  Profile  through  Centerline  at  14  and  20  Feet 
for  ACB  with  the  Burner  On  and  for  20  Feet  with  Burner  Off 
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Figure  16.   Chart  Record  of  the  Inflow  Velocity  for  ACB  Measured 
with  the  Thermoanemometer 
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Figure  17 


Negative  Pressure  Distribution  on  the  Floor  of  the  Tunnel 
with  the  Burner  Off 
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Figure  18.   Location  of  Pressure  Points 
Discussed  in  Section  4.1.4. 
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Figure  20.   Incident  Heat  Flux  Distribution  Along 
an  AMB  Specimen  at  20  Minutes 
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Figure   21. 


Convective  Heat  Flux  Distribution  Along 
an  AMB  Specimen  at  10  Minutes 
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Figure  22.   Flame  Distance  Versus  Time  at 

Different  Flow  Rates  of  Methane 
in  Auxiliary  Burner 
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Figure  23. 


Flame  Spread  Distance  Versus  Total  Methane 
Flow  Rate  in  Auxiliary  Burner 
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Figure  24.   Oxygen  Depletion  in  Duct  22  Feet  Downstream 
from  the  End  of  the  Tunnel  Using  the 
Auxiliary  Burner 
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Figure    26.      Temperature   Rise   of   Fuel   Contribution 
Thermocouple   as   a  Function  of  Gas  Flow 
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Figure  27.   Vertical  Temperature  Profiles  at  9  Feet 
at  5  Minutes  Using  Auxiliary  Burner 
(1  foot   =   0.305  meters) 
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Figure  28.   Vertical  Temperature  Profiles  at  16  Feet 
at  5  Minutes  Using  Auxiliary  Burner 
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Figure  29.   Temperature  Distribution  Along  Wall 
at  14  Feet  at  5  Minutes  Using 
Auxiliary  Burner    (1  foot  =  0.3  05  meters) 
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Figure  30.   Temperatures  for  AMB  Under  Full  Flame 
Exposure  at  20  Minutes  Using 
Auxiliary  Burner 
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Figure  31.   Vertical  Velocity  Profiles  at  9  Feet 
at  5  Minutes  Using  Auxiliary  Burner 
(1  foot  =  0.305  meters) 
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Figure  32.   Incident  Heat  Flux  Distribution  Along 
an  AMB  Specimen  Fully  Covered  with 
Flame  at  2  0  Minutes 
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Figure  33.   Flame  Distance  Versus  Fuel  Generation  Rate 
in  the  Tunnel   (1  foot  =  0.305  meters) 
(For  Identification  of  Specimens  S,  E,  Q  and 
O  see  Table  3) 
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Figure  34.   Air  Temperatures  at  Called  Flame  Distances 
for  Three-Foot  Specimens 
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Figure  36.   Relationship  Between  Flame  Front  and  Pyrolysis  Zone 
for  Red  Oak  Deck  in  the  Tunnel 
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Figure  37.   Temperature  Versus  Time  on  Heat  Contribution 
Thermocouple  for  Five  Materials 


59 


100 


TEMPERATURE  (°C) 
100 200 


300 


200     300     400 
TEMPERATURE  (°F) 


500 


300 


250 


-200 


UJ 


600 


Figure  38.   Temperature  Distribution  Along  Wall  at  14  Feet 
at  5  Minutes  for  Type  B  Specimen 
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Figure   39.      Vertical   Temperature   Profile   at   9  Feet  at   5  Minutes 
for   Specimens   of  ACB   and   Type   B    (F.R.    Polyurethane 
FSC    28)  (1    foot   =    0.305   meters) 
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Figure  40.   Vertical  Temperature  Profiles  at  16  Feet  at 
5  Minutes  for  Specimens  of  ACB  and  Type  B 
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Figure  41.   Chart  Record  of  Oxygen  Concentration  on  the 
Floor  of  the  Tunnel  at  10  and  18  Feet  for 
a  Type  B  Specimen   (F.R.  Polyurethane  FSC  28) 
(1  foot  =  0.305  meters) 
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Figure  42.   Chart  Record  of  Oxygen  Concentration  on  Floor 
and  Ceiling  at  22  Feet  for  a  Type  B  Specimen 
(F.R.  Polyurethane  FSC  28)   (1  foot  =  0.305  meters) 
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Chart  Record  of  Oxygen  Concentration  in 
Duct  for  an  Oak  Specimen 


62 


X.      I5|- 
o 

z 
o 


10  Feet 


18  Feet 


>Flomeover 


10 


>0oe 
ui 

Q. 


< 

o| 

1 


5    S 
5    „ 


0  I  2  3  4  5  6  7  8 

TIME  (Minut««) 

Figure  44.   Chart  Record  of  Oxygen  Concentration  on  the 
Floor  of  the  Tunnel  at  10  and  18  Feet  for 
an  Oak  Specimen   (1  foot  =  0.305  meters) 
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Chart  Record  of  Oxygen  Concentration  at  the  Ceiling 
of  the  Tunnel  at  22  Feet  for  an  Oak  Specimen 
(1  foot  =  0.305  meters) 
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OXYGEN  CONCENTRATION  AT  10  FEET  (PERCENT) 
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Figure  46.   Chart  Record  of  Oxygen  Concentration  on  the 
Floor  of  the  Tunnel  at  10  and  18  Feet  for 
a  Type  0  Specimen 
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Figure  47.   Chart  Record  of  Inflow  Velocity  Data  for  a 
Type  0  Specimen 
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Figure  48.   Average  Burning  Rate  Distribution  Along  a  Type  B 
Specimen  for  a  5-Minute  Period 
(F.R.  Polyurethane  FSC  28) 


DISTANCE  FROM  BURNER  (meters) 
1.5    2.0    2.5    3.0    3.5    4.0 


4.5 


5.0 


MAXIMUM  FLAME 
SPREAD  DISTANCE 


ORIGINAL 
THICKNESS 


4       5       6       7        8        9       10      II 
DISTANCE  FROM  BURNER  (feet) 


-P--P 


-  I 


E 
u 

X 
UJ 

o 
o 

Ul 

«  <° 
2  o 

Q. 
O 

o 

UJ 

Q 


16 


Figure  49.   Decomposed  Depth  Versus  Distance  for  Type  B  Specimen 
Over  a  5-Minute  Period 
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